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FATIGUE TESTS OF COMMERCIAL BUTT WELDS 
IN STRUCTURAL PLATES 


Il. InrTRODUCTION 


1. Object and Scope of Investigation—A comprehensive series of 
fatigue tests was made on butt welds in %-in. carbon-steel plates that 
had been welded in the flat position by a skilled welder using a manu- 
ally-operated metallic are and working under expert supervision. 
These welds were considered to be the optimum that could be expected 
under the present stage of development in this type of welding. Having 
obtained a fairly satisfactory knowledge of the fatigue strength of 
butt welds made under favorable conditions, it seemed desirable to 
make tests of welds made under commercial conditions. Six series of 
15 specimens each, purchased from fabricating shops that have had 
extensive experience in structural welding, were therefore tested in 
order that the fatigue strength of these commercial welds might be 
compared with the fatigue strength of the optimum welds, hereinafter 
designated as the basic series.* These six series were composed of two 
groups of three series each, designated as group 1 and group 2. All of 
the specimens of the basic series and of the commercial series referred 
to in this paragraph were welded in the flat position with a manually- 
operated metallic are and were tested in the as-welded condition. 

A third group of tests of commercial welds, designated as group 3, 
was made to determine the fatigue strength of butt welds in %-in. 
carbon-steel plates welded in various positions and with various elec- 
trodes. Except for these two features, the specimens of group 3 
were the same as those of groups 1 and 2 referred to in the previous 
paragraph. 

The specimens of groups 1, 2, and 3 were welded in the shop. The 
specimens for another group of tests, designated as group 4, were 
welded in the field. There were two series of 14 specimens each in this 
group, and each series was welded by a different fabricator. 

Tests were made on two additional groups of specimens, one desig- 
nated as group 5, and the other as group 6. The specimens of group 5 
were welded by the Unionmelt process and those of group 6 were 
welded by the Carbon Arc process, both processes being automatic. 

The dimensions of the specimens were the same for all series. The 
plates for groups 2 to 6, inclusive, were from the same heat; the plates 
for the basic series and for group 1 were from different heats but the 
composition of the steel was similar for all series. 


*Univ. of Ill. Eng. Exp. Sta. Bulletin No. 327. 
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The fatigue strength of a member, as the term is used in this 
bulletin, is the maximum stress in a stress cycle that will cause failure 
at a definite stated number of cycles when the ratio of the minimum 
to the maximum stress in the cycle has a definite stated value. Two 
ranges of minimum to maximum stress were used in this investigation: 

(1) from a given tensile stress to an equal compressive stress; 

(2) from zero to some given tensile stress. 

Values of the fatigue strength corresponding to failure at 100 000 
cycles and 2 000 000 cycles were determined. 


2. Acknowledgments ——The tests described in this bulletin are a 
part of the investigation resulting from a cooperative agreement 
entered into by the Engineering Experiment Station of the University 
of Illinois, of which Dean M. L. Enamr is the Director, and the Public 
Roads Administration, Federal Works Agency, of which THomas H. 
MacDonaup is Commissioner. The tests were planned in cooperation 
with the Committee on Fatigue Testing (Structural) of the Welding 
Research Council of the Engineering Foundation, of which JoNATHAN 
JoNEs is Chairman. The tests were financed by the Chicago Bridge 
and Iron Company; the Public Roads Administration, Federal Works 
Agency; the Bureau of Ships, Navy Department; and the Association 
of American Railroads. The Carnegie-I]linois Steel Corporation, the 
Bethlehem Steel Company, Lukenweld, Inc., the Bureau of Ships, the 
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Carbide and Carbon Research Laboratories, Inc., contributed ma- 
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Talbot Laboratory, and the metallurgical studies were made in the 
Metallurgical Laboratory, both of the University of Illinois. 
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Il. SpecimENS WELDED IN FLAT PosITION 
Series X, Y, AND Z; Group 1 


3. Description of Specimens.—Previous to the tests of this group, 
tests had been made to determine the fatigue strength of butt welds in 
7%-in. carbon-steel plates made under careful supervision.* ‘The results 
of these tests are considered basic, and are used as a standard with 
which to compare the fatigue strength of other welds. The object of 
the present series was to determine the fatigue strength of butt welds 
in 7-in. carbon-steel plates of the quality that might reasonably be 
expected for commercial work from a first-class fabricating shop. 
Specimens similar in size, shape, and composition of material to the 


12°" $X4-0" Plate Flame Cut & Machine FZ” 


Fic. 1. Derarts or SPECIMENS For Trests oF Butt WELDS IN 
7R-IN. CARBON-STEEL PLATES 


specimens of the basic series were purchased from three well-known 
fabricators, known as X, Y, and Z, and the fatigue strength of the 
three groups of specimens was determined and compared with the 
fatigue strength of the basic series. : 

The specimens for all series of group 1 were made from %-in. 
carbon-steel plates and had the dimensions shown in Fig. 1. The 
fabricators were allowed to follow their usual welding practice, and 
the procedure followed by each is shown in Fig. 2. The chemical 
composition of the base metal, determined from samples cut from the 
specimens, is given in Table 1; and the physical properties of the base 
metal, as determined by tests of control specimens, are given in 
Table 2. The location in the parent plate of each fatigue specimen 
and each control specimen is shown in Fig. 3. Specimens 1 to 15, 
inclusive, were welded, whereas specimens 16 to 30, inclusive, were 
plates without welds. A few of the latter of each series were tested to 


*Univ. of Ill. Eng. Exp. Sta. Bulletin No. 327. 
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TABLE 1 


CHEMICAL ComposiTION or Bash Mera 
X, Y, and Z Series 


Chemical Composition 
Specimens 
Cc Mn Si 12 | Ss 
So. Gi OB AE OE GTO OE RE 0.249 0.494 0.001 0.009 | 0.029 
BYP te rare de, Ps, seh, Seas yh L Sah 0.236 0.466 0.031 0.017 0.029 
1b. 0 05S BE DEAN CRORE TE 0.192 0.510 0.008 0.018 0.029 


determine whether or not there was any inherent fatigue weakness in 
the plates that might account for a low fatigue strength of the welded 
joint. None was found. 

The specimens were purchased from the fabricators. Although 
the contract called for the welding to be done in accordance with the 
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TABLE 2 


PuysicaAL Properties OF Base MeErau 
X, Y, and Z Series 


Strength, lb. per sq. in. Elongation Reduction 
Specimen No. | in 8 Inches, of Se 
t 

‘Yield Point* | Ultimate Es stiginan 

X Series 
EO MS sever at She atceste alcastouete saltahel citea serene chvay aarancsiceve 30 900 58 700 31.2 54.5 
DORE SE SNA RN ID On Ie ey a RD 30 200 58 100 33.4 56.1 
DC ARO cot oe iene OR 30 000 58 200 31.6 56.6 
D © ate ee re aR rhe VARA ee cg aca 30 300 58 300 29.4 55.0 
END Sie ayateccestunceu ate Toae iste enecs SPAsch dyaear etter 30 800 58 700 29.2 58.8 
2 ee AN EIR aR Ee ere BM RE EA PER ED CES Ct 30 500 58 600 30.2 56.5 
Do Caan Mie Been ep ISS, ore ie Pre ReU Pees eta 30 700 59 000 Sil 55.4 
IRS ay tire Re a etre cee nara, Myate aca Nemelese 30 900 59 400 30.9 52.0 
B.6! Nene ee ens ra aa MOU e Rete tis 31 200 60 000 29.0 48.7 
EXD orca setae arate et Secs hata sine eherrre 31 500 60 600 25.7 42.5 
Ay. 30 700 58 960 30.3 53.6 

Y Series 
0G ee ee ror Oeaerceen rere eae me ca ae 29 400 62 300 29.0 53.0 
OVS anne OR ENS uch ER? aa CROs are Pate 30 000 62 500 28.1 52.6 
OE aan ote tices eae oe eeonicn aici 29 100 61 800 29.0 53.0 
PY AS Sarees ek ih ed Baer wt ee hen ee ease eases 29 800 62 500 29.6 52.9 
AS Re scant ett eee a TI ee Pe 29 800 62 000 28.3 51-2 
DN Gibco aire sethe hee ore tt anen seed avers 29 700 62 200 29.0 52.8 
NA CONS, emt te Geek ete eT oe we ene A 29 600 61 800 29.0 52.0 
YES ey Seen «Semicon eters cove were nge eters 29 000 62 300 28.1 52.0 
ae EE Oak 8 taee a nan rca, terse Tt 29 400 62 900 29.5 52.5 
EY TO sca Here Se creiecahr ls cen cera ete es 29 400 62 800 28.7 62.2. 
Av. 29 500 62 300 28.8 52.4 

Z Series 
Lilite, et retest eco tthe Geet ce eee 31 000 61 000 28.8 60.0 
Lids Sie oss erste CEPR Re OT pee Tas 31 000 61 200 29.6 60.0 
VASYE RRR ore Me Nae oct tee cat te bye Lie EAN Bey 3 30 600 60 500 30.6 59.7 
VEE GIN ae et Me Ce TE ore MEST Ab 30 700 60 500 Slee 60.0 
LAS a Net aa rT TO te SNe 31 400 60 300 30.3 59.4 
LLP Mic t eRe oP RTE ear a te ee 31 800 60 800 28.7 59.5 
LAG eacar Rae ne cet Mista Sree ee oe 31 100 59 600 29.7 59.6 
LSP at ORO ote Se fost LC ae aS 30 400 59 400 30.5 59.2 
LOI es ee aN NS et esse eRe 31 000 59 500 30.3 57.4 
LAO Sickert oye cee ae RTO hee 31 000 59 500 28.5 57.7 
Av. 31 000 60 230 29.8 59.2 


*By drop of beam. 


American Welding Society’s 1939 Specifications for Welded Highway 
and Railway Bridges, the work was not inspected by anyone except 
regular employees of the fabricator. 

Some specimens were tested on a cycle in which the stress varied 
from tension to an equal compression, others were tested on a cycle in 
which the stress varied from zero to a maximum tension. 
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To facilitate comparisons, at least three specimens from each 
fabricator were tested on each of the following cycles: 0 to +30 000, 


eto: +25 000, +20 000 to —20 000, and +16 000 to —16 000 Ib. 
per sq. in. The results of the tests are given in Section 4. 


’ 


( 


4. Results of Fatigue Tests—The results of the individual tests are 


given in Tables 3, 4, and 5 for series X, Y, and Z, respectively. The 
corresponding data for the basic series are given in Table 6.* All 


‘specimens were tested in the as-welded condition (reinforcement on, 


‘not stress relieved). 


*This is the same as Table 6 of the University of Illinois Engineering Experiment Station 


Bulletin No. 327. 


Location 
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TABLE 3 


Fatigue Streneru or Burr WeEtps IN 7%-IN. CARBON-STEEL PLATES 
IN As-WELDED CONDITION 


X Series 
Strength in 1000’s of lb. 
per sq. in. 
> Sumer Location 
Speci- Stress, S, in 1000’s | % yYCCS : of 
’ Ea vaca f Fatigue, I 5 
No. eee of Ib: per sa. in| paitare, N, Fatigue 
in 1000’s | Static 
n= n= 
100 000 2 000 000 
X1 0 to Tens. 0 to 30.0 220.7 33.3 1 
X2 0 to Tens. 0 to 30.0 591.2 37.8 2 
X3 0 to Tens. 0 to 30.0 202.6 32.9 il 
Av 34.7 
X4 
X5 Comp. Rev. +20.0 to —20.0 16527 21.3 1 
X6 Comp. Rev. +20.0 to —20.0 361.6 23.6 1 
X7 Comp. Rev. +20.0 to —20.0 120.5 20.5 4 
Av. g 21.8 
os 

X8 0 to Tens. 0: t0:25.0 488.3 oS 20.8 1 
X9 0 to Tens. 0 to 25.0 1060.8 1 23.0 2 
X10 0 to Tens. 0 to 25.0 548.5 21.1 1 
X11 0 to Tens. 0 to 25.0 300.0 19.5 1 

Av. Pez 

X12 

X13 Comp. Rev. +16.0 to —16.0 393.7 1153-0) 1 
X14 Comp. Rev. +16.0 to —16.0 202.8 11.9 1 
X15 Comp. Rev. +16.0 to —16.0 400.6 13.0 i 

Av. 12.6 

*See Fig. 4. 


The results of the tests of the X and Z series, and of many of the 
other commercial series described later, were so erratic that the S-N 
diagrams could not be determined satisfactorily from these tests alone. 
Instead, the fatigue strength for failure at 100 000 and 2 000 000 | 
cycles, given in Tables 3, 4, 5, and 6, were computed from the maxi- — 
mum stress in the cycle and the actual number of cycles at failure by | 
the use of the empirical equation,* F = S (N/n)*, in which F is the | 
fatigue strength corresponding to failure at n cycles, S is the maxi- 
mum stress in the stress cycle which caused failure at N cycles, and 
K is an experimental constant whose value depends upon the stress- 
raising characteristics of the specimen. The constant K was taken as 
0.13 for these tests. 

The S-N diagrams for the various series are shown on Fig. 5. The 
slope of the lines was determined by the value of K (0.13) in the 
empirical equation, and the position of each line was determined in 
the following manner: 


Referring to Fig. 5, broken lines were drawn upward and to the | 


*This equation was found to be applicable to the tests of butt welds in 7K-in. carbon-steel 
plates with the reinforcement on, given in Bulletin 327. 
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TABLE 4 


FatiGue SrtrENGTH oF Burr Wexps In 7%-1n. CaRBON-STEEL PLATES 
IN As-WELDED CONDITION 


Y Series 
Strength in 1000’s of lb. 
per sq. in. 
Speci fee Location 
peci- . , of Cycles = 
men Cycle Sprig 8, in 1000's for Fatigue, of 
No: of lb. per sq. in. Failure, Fatigue 
¢ yp tN y * 
in 1000's | Static Crack 
p= pos 
100 000 2 000 000 
val 0 to Tens 0 to 30.0 147.7 31.6 ) 
¥2 0 to Tens 0 to 30.0 132)..5 31.1 2 
Y3 0 to Tens 0 to 30.0 228.0 33.4 2 
Ne 0 to Tens 0 to 27.5 217.7 30.4 2 
Av. 31.6 
3'G5) Comp. Rev. +20.0 to —20.0 329.9 PSG) Y) 
Y6 Comp. Rev. +20.0 to —20.0 84.7 19.6 1 
XT Comp. Rev. +20.0 to —20.0 184.0 4 Wes 2 
Ay. 2 Piles 
3 
Y9 0 to Tens. 0 to 25.0 678.3 PAN SIE 2 
Y10 0 to Tens. 0 to 25.0 631.7 2125 2 
ey slid 0 to Tens. 0 to 25.0 603.5 21.4 2 
Av. 21.5 
Y8 Comp. Rev. +16.0 to —16.0 833.5 14.3 2 
Y13 Comp. Rev. +16.0 to —16.0 213.4 12.0 2 
Y14 Comp. Rev. +16.0 to —16.0 1254.2 ist 2 
ee Comp. Rev. +16.0 to —16.0 COTERS) Wes 2 
Vis 13. 


*See Fig. 4. 


left from the points representing the results of individual tests at high 
unit stresses. These lines intersect the vertical, NV = 100 000, at poits 
representing the fatigue strength corresponding to failure at 100 000 
cycles for the various tests made at a high unit stress. The average 
of the values represented by these intersecting points is represented 
by X. Likewise, broken lines were drawn downward and to the right 
from points representing the results of individual tests at low unit 
stresses. They intersect the vertical, N = 2 000 000, at points repre- 
senting the fatigue strength corresponding to failure at 2 000 000 
cycles for the various tests made at a low unit stress. The average of 
the values represented by these intersecting points is represented by Y. 
The slope of these broken lines is determined by the value of K, 0.13 
in this instance. Lines passing through X and Y and having the equa- 
‘ion F = S (N/n)°:#8 are the S-N diagram and should coincide. If they 
Jo not, either the equation is not strictly applicable or the high-stress 
and low-stress groups of tests are not consistent with each other. The 
‘owest S-N diagrams of Fig. 5, determined in this manner, represent 
he experimental data very well. These are for the basic series, one for 
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TABLE 5 


Fariaur Srreneru or Burr Wexps In %-IN. CARBON-STEEL PLATES 
iN As-WELDED CONDITION 


Z Series 
Strength in 1000’s of lb. 
per sq. in. 
: yon Location 
Speci- apes. * :, | of Cycles ; on 
men Cycle ee Rae ts 8 _for Fatigue, F matioue 
No. ss ras" Failure, V, Gracie: 
in 1000’s | Statice 
n= n= 
100 000 | 2 000 000 
Z1 0 to Tens. 0 to 30.0 123.0 30.8 uf 
Z2 0 to Tens. 0 to 30.0 134.5 31.2 1 
Z3 0 to Tens. 0 to 30.0 112.8 30.5 1 
Av 30.8 
Z5 Comp. Rev. +20.0 to —20.0 134.2 20.8 1 
Z6 Comp. Rev. +20.0 to —20.0 42.6 L729 1 
Z7 Comp. Rev. +20.0 to —20.0 192.7 21.8 1 
Av. aa 20.2 
ro) 
Z8 0 to Tens. 0 to 25.0 177.8 =) 18.3 1 
Z9 0 to Tens. 0 to 25.0 1052.1 © 23.0 2 
Z10 0 to Tens. 0 to 25.0 2725.2 25.0+ 4 
Zl1 0 to Tens. 0 to 25.0 179.7 18.3 1 
Av 22 
Z12 Comp. Rev. +16.0 to —16.0 597 .6 13.7 1 
Z13 Comp. Rev. +16.0 to —16.0 1634.3 15.6 1 
Z14 Comp. Rev. +16.0 to —16.0 244.2 12.3 2 
Z15 Comp. Rev. +16.0 to —16.0 HX0} 504 10.5 il 
Av. 13.0 
*See Fig. 4. 


which the tests were quite consistent. The S-N diagrams of Figs. 5(a) 
and 5(c) do not represent the data satisfactorily in all instances for 
the simple reason that the results of the tests are so inconsistent that 
no diagram can represent them satisfactorily. Specimens that were in- 
tended to be identical had greatly differing fatigue strengths, as illus- 
trated by the following tests reported in Table 3. Specimen X11 failed 
after 300 000 cycles in which the stress varied from zero to 25 000 lb. 
per sq. in., whereas X9 withstood 1 060 800 repetitions of the same 
cycle, and X2 withstood 591 200 cycles in which the stress varied from 
zero to 30 000 lb. per sq. in. Likewise, Table 5 contains the results of 
the following inconsistent tests. Specimens Z13 and Z15 were both 
tested on a cycle in which the stress varied from 16 000 lb. per sq. in. 
tension to an equal compression. The former withstood 1 634 300 
cycles, whereas the latter failed at 56 200 cycles. Specimens Z8, Z9, 
Z10, and Z11 were all tested on a cycle in which the stress varied from 
zero to 25 000 lb. per sq. in. tension. The numbers of cycles at 
failure for the four were 177 800, 1 052 100, 2 725 200, and 179 700, 
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TABLE 6 


Fatigue StrENcTH or Burr Wexps In %-1n. CarRBoN-STEEL PLATES 
IN As-WELDED CoNDITION 
Basic Series 


Strength in 1000’s of lb. per sq. in. 
Speci Number Location 
ha Plat ucla Stress, S, in 1000’s of oy cles Fatigue, F aa 
5 No. y of lb. per sq. in. Fai Os Fatigue 
5 Failure, N, 5 a eS & 
in 1000’s’| Static Crack* 
i = i = 
100 000 2 000 000 
Cl i) +20.0 to —20.0 167.9 oa) 21.4 2,3 
C2 1 +20.0 to —20.0 251.9 on 22.6 203 
C3 1 te +20.0 to —20.0 PHA 5) =) 22.8 2 
me Av. 2203 
C4 1 ge +16.0 to —16.0 753.6 14.1 2,3 
D1 2 eas +16.0 to —16.0 1795.8 15.8 2 
D2 2 O* +16.0 to —16.0 947.2 = 14.5 4 
D3 2 +16.0 to —16.0 473.6 ee 13.3 2 
Ay. 14.4 
Kl 1 0 to 30.0 253.2 33.9 2 
K2 1 4 0 to 30.0 241.7 = 33.7 1, 2 
K3 1 aS) 0 to 30.0 190.9 oo 32.6 1, 2 
K4 1 a 0 to 28.0 207.1 oS 32.0 2 
2g Av 33.1 
Ll 2 } 0 to 25.0 1114.4 2352 2 
L2 2 oe 0 to 25.0 763.4 a 22.1 2 
L3 2 2 0 to 25.0 816.0 eS 22.3 2 
12 Av. 22.5 
S1 1 +22.0 to +44.0 442.0 53.4 2 
$2 1 +22.0to +44.0 485.0 x 54.0 2 
$3 1 eI +22.0to +44.0 388 .0 Be 52.5 2 
as Av. done 
$4 1 cid +19.0 to +38.0 1180.7 35.5 2 
ha! 2 42 +19.0 to +38.0 2314.2 38.0+ 2 
T2 2 ree +19.0 to +38.0 2471.1 N 38.0+ 2 
T3 2 +19.0 to +38.0 1421.6 o 36.4 2 
10 Av. 36.9 
*See Fig. 4. 


respectively. The results were somewhat more consistent for the Y 
than for the X and Z series but there were two low values for the Y 
series. Specimens Y5 and Y6 were both tested on a cycle in which the 
stress varied from 20 000 Ib. per sq. in. tension to an equal compres- 
sion. The numbers of cycles at failure for the two were 329 900 and 
84 700, respectively. Specimens Y13 and Y14 were both tested on a 
eycle in which the stress varied from 16 000 lb. per sq. in. tension to 
an equal compression. The numbers of cycles at failure for the two 
were 213 400 and 1 254 200, respectively. In considering these data, 
the fact should be realized that a large difference in the number of 
cycles for failure corresponds to a relatively small difference in the 
fatigue strength. 

A summary of the results of the fatigue tests is given in Table 7. 
The left-hand portion gives the fatigue strength for failure at 100 000 
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TABLE 7 


FATIGUE STRENGTH OF ComMERcIAL Burr WELDS IN 7%-IN. CARBON-STEEL 
PuLaTEs In AS-WELDED ConpITION 
X, Y, and Z Series; Summary of Results 


‘average values” 


| Fatigue Strength, Fatigue Strength, 


lb. per sq. in. n = 100 000 lb. per sq. in. n = 2 000 000 
Stress Cycle 
Basic x Ne Z Basic x ME Z 
Series Series Series Series Series Series Series Series 


Average Values 


33 100 | 34 700 | 31 600 | 30 800 | 22 500 | 21 100 | 21 500 | 21 200 


Zero to tension 1.00 1.05 | 0.95 | 0.93 100!) | (094) «1019640804 
Tension to 22 300 | 21 800 | 21 500 | 20 200 | 14 400 | 12 600 | 13 900 | 13 000 
equal compression 1.00 0.98 0.96 0.91 1.00 0.88 0.97 0.90 


Minimum Values 


32 000 | 32 900 | 30 400 | 30 500 | 22 100 | 19 500 | 21 400 | 18 300 


LOISTD EES 0:97 |--0.99'| 0:92 | 0,92 ¥_.0.98| 0.87] 0.951 0.81 
Tension to. 21 400 | 20 500 | 19 600 | 17 900 | 13 300 | 11 900 | 12 000 | 10 500 
equal compression 0.96 0.92 0.88 0.80 0.92 0.83 0.83 0.73 


The upper of the two lines gives the fatigue strength in lb. per sq. in.; for the upper part of the 
table, the lower lines give the ratio of average values; for the lower part of the table, the lower lines 
give the ratio of minimum-to-average values. 

Each value is the average of either three or four tests and each minimum is the minimum of a 
group of either three or four tests. 


cycles and the right-hand portion the fatigue strength for failure at 
2 000 000 cycles. The upper part of the table gives the averages for the 
groups, either three or four tests per group, and the lower part the 
minimum value for any test of a group. The lower of the two lines of 
figures gives the ratio of average values of fatigue strength,* or the 
ratio of minimum-to-average values, as the case may be. It is of inter- 
est to note that the average values for the X, Y, and Z series compare 
favorably with the average values for the basic series, the lowest 
ratios of average values being 0.88 and 0.90 for the X and Z series for 
failure at 2 000 000 repetitions of a cycle in which the stress was com- 
pletely reversed. The minimum values are not, however, so reassuring, 
the four low ratios of minimum-to-average values being 0.73, 0.80, 
0.83, and 0.83. 

A study was made to determine the cause of the occasional low 
fatigue strength. The reinforcement projects slightly above the base 


*These ratios are used frequently in discussing the results of the tests, and the following 
terminology has been used for convenience in reference: Here and elsewhere, the term “ratio of 
has been used to designate the ratio of the average fatigue strength for a group 
of any series to the average fatigue strength of the corresponding group of the basic series; and 
the term “ratio of minimum-to-average values’ has been used to designate the ratio of the 
minimum fatigue strength for any specimen of a group of any series to the average fatigue 
strength of the corresponding group of the basic series. 
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plate on both sides, and the area of the transverse section is ereater at 
the middle than at the edge of the weld. Moreover, there is a small 
but sometimes abrupt change in section at the edge of the reinforce- 
ment that acts as a stress raiser extending the full width of the speci- 
men. This being true, failure may be expected to occur at the edge of 
the reinforcement unless the weld metal is considerably weaker in 
fatigue than the base plate. The x-ray examination of the basic 
specimens showed only very minor flaws. As shown by Table 6, all 
specimens in the basic series failed either at the edge of the reinforce- 
ment or away from the weld. This indicates that the weld metal was at 
least fairly good for all of the basic specimens. In contrast with this, 
ten of the thirteen X specimens and eleven of the fourteen Z speci- 
mens broke in the weld at the increased section, and away from the 
stress raiser at the edge of the reinforcement. This indicates that the 
weld metal was significantly weaker in fatigue than the base metal. 
Only two of the fourteen Y specimens, Y6 and Y13, broke in the weld. 
Both were significantly weaker than the others of the group to which 
they belonged. It should be noted, however, that a specimen might 
break in the weld metal and still develop an average fatigue strength 
since, while failure actually took place in the weld metal, failure might 
have been impending either at the edge of the reinforcement or away 
from the weld. Likewise, failure at the edge of the reinforcement or 
away from the weld does not necessarily indicate a high fatigue 
strength, because a flaw might occur in the weld at the edge of the re- 
inforcement or in the plate either adjacent to the weld or at some 
other section. In general, however, the specimens that broke at the edge 
of the reinforcement or in the base plate away from the weld had a 
relatively high fatigue strength. The probable causes of the low fatigue 
strength of the individual specimens of the various series are discussed 
in Sections 5 and 6. 


5. Metallurgical Studies —Metallurgical studies were made of the 
butt welds after they had been tested to failure in fatigue. As shown 
in Fig. 2, the details of the grooves and the welding procedure differed 
for the various series. The base plates, while of the same grade of 
steel, differed slightly in composition, as shown by the chemical 
analyses of Table 1. 

The major object of the metallurgical studies was to correlate the 
type of fatigue failure and the fatigue strength of the specimens with 
the microstructure, hardness, and observable defects. 
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TABLE 8 


Vickers Harpness NuMBERS FOR Base AND WeLp Mera 
Two Specimens Hach of X, Y, and Z Series 


Unaffected Base Metal Heat pieced Weld Metal 
Speci- Series | 
men | “No. | 
oO. Ake ne : es 
Mini- . . Mini- Maxi- Mini- : 
CaN Maximum | Average alia ane aUin Maximum | Average 
X14 1 125 134 130 135 181 147 200 175 
2 127 166 140 175 Op Ges 
3 124 134 130 135 184 168 185 182 
X2 1 116 135 128 135 190 180 197 190 
2 133 174 140 VEE 187 erie 180 179 
3 123 134 130 130 209 175 206 190 
Vil 1 139 146 142 145 203 146 161 155 
2 135 157 (161) 150 150 164 134 150 140 
3 144 162 (179) 155 158 200 156 169 162 
ers 1 141 178 160 168 204 156 177 165 
2 142 161 155 145 180 150 163 155 
3 149 175 162 155 224 162 180 168 
Z5 1 131 162 150 150. 184 183 193 187 
2 121 162 145 159 178 210 214 212 
3 135 158 150 158 176 170 192 185 
Z6 1 126 148 140 155 190 182 (205) 190 
2 122 165 140 160 185 
3 131 154 142 150 202 185 214 205 


*A hardness value of 230 occurred in a laminated area with carbon segregation. Values in paren- 
theses () were obtained adjacent to fatigue cracks where cold working probably increased the hardness. 


Hardness Measurements 


Hardness measurements on polished-and-etched specimens of sev- 
eral butt welds, representative of the three series, were made subse- 
quent to the fatigue tests. The resulting hardness diagrams, given in 
Figs. 6, 7, and 8, are for the sections indicated on the macrographs. 
The following notation is used in this and subsequent figures: (a) un- 
affected base metal, (b) heat-affected base metal, (c) weld metal. 

The hardness surveys of series 1 and 3 on all of the specimens were 
made along a line 0.05 inch from the plate surfaces. Series 2 surveys 
were made at the root of the weld, which was at mid-thickness of the 
plate for the X and Z specimens, but was just above the sealing bead 
placed at the bottom of the U groove for the Y specimen, as shown 
in Fig. 7. Hardness values for the two specimens each of the X, Y, and 
Z series are given in Table 8 and a summary of these data is given in 
Table 9. 


Specimens X2 and X14 
Reference to Fig. 6 and Table 8 shows that the average hardness 


of the base metal for specimens X2 and X14 was 130 Vickers for 
series 1 and 3, and 140 Vickers for series 2. The weld metal was harder 
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TABLE 9 


Vickers Harpness Numpers ror X, Y, AND Z SPECIMENS 
Summary Based Upon Two Specimens From Each Series 


Base Metal Weld Metal 
A Unaffected Heat-Affected 
Series we ee Maximum Maximum 
Nev aaen Mini- | Maxi- | Aver- | Variation 
Mined Nase le Aver. ele ninieel Waste in One mum mum age in One 

mum | mum age mum | mum precnen Seg 

x 116 174 133 130 217 93 147 206 183 53 

Y 135 178 154 145 224 83 134 180 158 35 

Z 121 165 145 150 202 80 182 214 196 44 


than the base plate, the average values for a series varying from 175 
to 190 Vickers numbers. The maximum hardness in region (b), the 
heat-affected zone of specimen X14, was 217 Vickers at the left side 
of the crack in series 2 of Fig. 6. However, a hardness of 230 Vickers 
was obtained in the heat-affected zone on the right side just above the 
row of indents in series 2. This higher hardness was associated with 
the segregation of carbon in the region of the lamination shown in the 
macrograph. The maximum hardness of the heat-affected zone of 
specimen X2 was 209 Vickers, which was obtained in the series 3 
survey. 

The base metal increased in hardness near the heat-affected area 
as shown in series 2 for both X specimens. A study of the micro- 
structure of the base metal in these regions gave no indication of the 
cause for this increase in hardness. 

The maximum variation in hardness between the unaffected base 
metal and the heat-affected zone was 93 Vickers numbers for both X 
specimens. (This does not include an area of segregated carbon in 
X14 where the hardness was 106 Vickers numbers greater than the 
hardness of the unaffected base metal.) This is a considerable varia- 
tion in hardness for a steel of such low average carbon content. 


Specimens Yi and Y13 


The average hardness of the unaffected base metal of specimen Y1 
was 149 Vickers, and the range in hardness was from 1385 to 162 
Vickers. This does not include a reading of 179 Vickers in the cold- 
worked region next to the fatigue crack. The unaffected base metal of 
Y13 had the high hardness values of 178 and 175 Vickers, respectively, 
in series 1 and 3, and the average hardness values were somewhat 
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higher than for specimen Y1. For both specimens, the weld metal was 
slightly harder than the unaffected base metal, except for series 2 of 
specimen Y1, where this condition was reversed. The greater width of 
the welds in series 1 and 3 of the Y specimens as compared with those 
of the X and Z specimens, is shown by the macrographs and the hard- 
ness contours. 

The maximum hardness in the heat-affected zone occurred adja- 
cent to the last beads to be deposited. These were traversed by the 
series 1 and 3 hardness surveys. The hardness maxima in the heat- 
affected zone were 203 Vickers for specimen Y1, series 1, and 224 
Vickers for specimen Y18, series 3. The maximum variations in hard- 
ness between the unaffected and the heat-affected base metal were 68 
and 83 Vickers numbers, respectively, for specimens Y1 and Y13. 


Specimens Z5 and Z6 


The average hardness values of the unaffected base metal were 148 
and 140 Vickers, respectively, for Z5 and Z6. The minimum hardness 
values for the unaffected base metal were practically the same for 
both specimens, and there was an increase in hardness near the heat- 
affected zone. The weld metal was considerably harder than the 
unaffected base metal, and the maximum hardness was greater for the 
weld metal than for the heat-affected zone for both Z specimens. The 
maximum hardness values of the heat-affected base metal were 184 
and 202 Vickers, respectively, for Z5 and Z6; and the maximum varia- 
tions in the hardness of the base metal were 63 and 80 Vickers num- 
bers, respectively, for the two specimens. 


Relative Hardness of X, Y, and Z Specimens 


The hardness values of the specimens of the various series are 
compared in Table 9, which is a summary of the values given in Table 
8. The hardness in cold-worked areas adjacent to fatigue cracks 
and in areas of segregation were not included in this summary. It is 
apparent from this table that the hardness characteristics were very 
similar for the X, Y, and Z specimens. 


Microstructures 


A survey of the microstructure in the base metal, the heat-affected 
‘zone, and the weld metal was made for specimens X14, Y6, and Z11. 
Typical areas in the various zones were photographed and are shown 
in Figs. 9 to 14. 
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Regions X1, Y1, and Z1 of Fig. 9 show microstructures typical 
of the unaffected base plates of the X, Y, and Z specimens. The char- 
acter of the segregated areas, typical of several of the X specimens, is 
also shown in region X1A of the same figure. The increase in carbon 
content and the grain size in the region of the lamination are also 
shown. There was an unusual accumulation of non-metallic inclusions 
in this region. Aside from the presence of both large and small 
laminations in the X specimens, and of small laminations in the Y and 
Z specimens, the base metals were of similar structure. 

Typical microstructures of the weld metal of specimens X, Y, and 
Z are shown in Fig. 10. The location of the regions shown in Fig. 10 
are given in the macrographs of Figs. 11, 12, and 13. For all speci- 
mens, region 2 had a columnar structure, region 4 was a recrystallized 
zone, and region 3 was a junction between these two types of 
structures. 

Region 5 of Figs. 11, 12, and 13 shows the coarse grain of the heat- 
affected zone adjacent to the columnar weld metal of the outside bead. 
The grain size of this region appeared to decrease in the order of Y, 
Z, and X. Region 6 of the same figures shows the junction of the 
unaffected base metal and the heat-affected zone which, in general, 
appeared quite similar for the three groups of specimens, X, Y, and Z. 
Region 7 shows the base metal at or near the fusion line in the in- 
terior of the weld. In the case of X and Y specimens, this was a fine- 
grain area which had received a double heat treatment. In the case of 
the Z specimen, Fig. 13, this region was not reheated by the subse- 
quent weld deposit. Grains were found close to region 7 of specimen 
Z that were even larger than those present adjacent to the outside 
weld deposit, shown in region 5 of the same figure. Region 8 of Fig. 
13 had a grain structure so coarse that it could be detected in the 
macrograph. This condition was characteristic of the Z specimens and 
also occurred in a number of the X specimens examined. For the Y 
specimens, the heat-affected base metal adjacent to the weld had a 
normalized structure except for the region adjacent to the last beads 
deposited. The doubly heat-treated base metal of the Y6 specimen is 
shown at the right in Fig. 14, and is compared with the recrystallized 
weld metal, which is shown at the left of the same figure. The grain 
size appeared to be the same for both, and the higher carbon content 
of the base metal was apparent in the pearlite areas at the grain 
boundaries. Small particles of slag and occasional pearlite areas 
occurred in the weld metal. 

The base metal of the Z specimens was most free of laminations, 
but it contained a considerable number of slag stringers. The base 
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TABLE 10 


CoMPARISON oF AREAS OF COLUMNAR AND RECRYSTALLIZED WELD 
Merat AND Hnat-Arrectep ZONE 


Percentage Percentage of 
A f Weld of Total Un-recrystallized Area of 
Specimen No. A) CME Weld Metal Weld Metal Heat-Affected 
Bern in Two Exclusive of Zone, sq. in. 
Outer Beads | Two Outer Beads 
>:@ Dee Sais Set porta cetea ee. 0.39 56 5.7 0.12 
EXD Wen exomectrs cnaranetone pects) arate 0.41 52 6.5 0.12 
DG BN a HORI EHO OY CH ONFOOsG 0.41 50 4.3 0.14 
SDE ee cis caovauts nite Pon cielneriec sinus 0.38 51 2.3 0.20 
Da oie cstetchie ea tahio gy Ou 0.36 48 1.2 0.14 
DR 8 cotebo bp OOCEO OTA oO 0.40 53 4.5 0.15 
Av. 0.39 51 4.5 0.15 
0.59 46 3.0 0.22 
0.63 43 10.5 0.23 
0.56 48 5.6 0.22 
0.60 ol 5.2 0.24 
Av. 0.59 47 6.0 0.238 
VARS ARO DELO DOC acneecits 0.43 45 19.0 0.16 
VA Yen Bear ot ROLES Ait} DOO oO 0.40 OT 5.6 0.15 
VAG Sencha Coe Iv OIMeO Sichuo a 0.38 60 7.0 0.15 
UAE 8 Sige cite be Lodo 0.49 50 11.0 0.20 
Av. 0.42 52 11.5 0.16 
TaBLeE 11 
Location or Fatigur FRACTURES 
X, Y, and Z Series 
Number of 
Y Nena etees Namnber ot Failures Partly]! Number of 
Series in Weld and Failures 
at Edge Through P : : 
of Weld Weld artly in in Plate 
Plate 
GER E TA RSE HERONS bos SOOO aoa 2 ial 4 1 
DN Ge arr ATV CR OKT OR OTC TCR C Ga actaret> ibe il 2 1 
VA OTHE OO GOO ODA Ao GOTO O 3s 5 5 i 


metal of the Y specimens appeared to be banded, and showed the 
presence of slag stringers and minor laminations. The X specimens 
had the largest laminations, and the carbon segregation surrounding 
the laminations indicated that the portion of the ingot used for the 
plate probably contained a secondary pipe. 

The grain size of the coarse-grained, heat-affected zone was a 
maximum for the Y specimens, intermediate for the Z specimens, and 
a minimum for the X specimens. This difference in grain size for the 
coarse-grain zone was an indication of the relative heat effects of the 
finishing bead, and was not related to the grain-coarsening tendency 
of the base metal. The Y specimens had the largest areas of coarse- 
grained, heat-affected base metal adjacent to the last weld beads 
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placed on both sides of the plate. The outer weld deposits were con- 
siderably wider than the adjacent previously-placed deposits in the 
joint. A comparison of these zones for a number of the specimens is 
made in Table 10. The quantities compared include: area of weld; 
percentage of total weld metal in two outer beads, one on each side of 
plate; percentage of weld metal, exclusive of two outer beads not 
recrystallized; and area of heat-affected zone. These data were 
obtained from planimeter measurements of the macrographs. 

There was a considerable variation in the data on different speci- 
mens for each series but the average values showed trends that are of 
interest. The volume of weld metal* placed in the joint increased in 
the order of X, Z, and Y, and the volume of heat-affected metal in- 
creased in the same order. The average percentage of un-recrystallized 
weld metal in the interior of the weld, exclusive of the as-cast metal 
of the last two beads of each joint, increased in the order of X, Y, 
and Z. 


Fatigue Fractures 


A classification of fatigue failures, on the basis of the regions in 
which the fractures occurred, is given in Table 11. The X and Z speci- 
mens failed generally in the weld metal, and the Y specimens failed 
generally at the edge of the weld. The fractures for specimens X6, 
X10, X11, X14, Z3, Z6, Z11, Z12, and Z15 started in the weld metal, 
and extended into the heat-affected zone; the fractures for Y3 and 
Y13 started in the heat-affected zone, and extended into the weld 
metal. 

The failures through the weld metal are characterized by large and 
small fisheye areas distributed over the fracture surface as indicated in 
Figs. 15, 16, and 17. Lack of root penetration, which appears as a 
band at mid-section extending across the full width of the section, 
seems to be a frequent cause of failure. There were laminations at 
mid-section of some of the X specimens which may or may not have 
affected the fatigue strength. An example of this latter condition is 
given in Fig. 18, showing the fracture surface of X14 at a magnifica- 
tion of 1144 X. The macrograph of the fracture at the right shows that 
lack of root penetration was the cause of failure of a portion of the 
specimen, and at the left side the line across the fracture surface is 
identified as the site of a major lamination. Figure 19 shows the 
fracture of specimen X15, an outstanding example of a fracture which 
started at the internal stress raiser resulting from a lack of root 
penetration. 


*The large volume for the Y specimens can be attributed, at least in part, to the single U 
type of weld. 
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Most of the Z specimens failed in the weld due to a lack of root 
penetration. The fracture surfaces of specimens Z2, Z6, Z7, Z11, and 
Z15, are shown in Figs. 20 and 21. There were no major laminations in 
the base metal of the Z specimens, and the unfused portion of the base 
metal at the root of the weld could easily be distinguished in these 
fracture surfaces. 

Figure 16 shows that Y6 was the only one of the Y group that 
failed entirely through the weld metal. A survey of the weld-metal 
area indicated greater porosity in Y6 than was found in other Y 
specimens, but in no case was lack of root penetration found in the 
specimens of this group. 

The Y specimens in general failed in the heat-affected zone at the 
edge of the weld, and the large number of minor laminations (banded 
structure) in the base metal was indicated in the fracture surface as 
a woody structure, which was quite pronounced for several Y speci- 
mens, as shown in Fig. 16. 

Of the X specimens, X2 and X9 failed at the edge of the weld 
rather than through the weld metal, and they had higher fatigue 
strengths than the other X specimen tested on the same cycles. The 
macrograph of X2, Fig. 22, shows some porosity, but good root 
penetration. Specimen X7, which failed in the plate at a considerable 
distance from the weld, also had some porosity and good penetration, 
as shown in the same figure. Apparently where good root penetration 
was obtained, and porosity was not too great, the failure occurred at 
the edge of the weld where the reinforcement acted as a geometrical 
stress raiser rather than in the weld metal. 


Defects and Their Relation to the Path of Failure 


A major lamination is here defined as a separation of the plate for 
a considerable length, due to a large porous or piped zone in the ingot 
which was not completely welded during hot rolling. Several of the X 
specimens contained such laminations, and specimen X14 has been 
previously noted as an outstanding example. The path of the fatigue 
crack may be entirely changed* in direction by such a lamination, as 
shown in the macrograph of specimen X14-4 in Fig. 18. The meander- 
‘ngs which such laminations may take are shown in the micrographs 
-f specimen X14-2, Fig. 23. Cracks were developed by the inclusions, 
sot only along the laminated area, but also normal to the direction of 
stress. It appears that the laminated condition caused the failure to 


*Macrograph X14-2 and X14-4 are of parallel sections of specimen X14. 
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take the path shown in the center of the macrograph of X14-4, Fig. 18, 
for a portion of the specimen. 

The small laminations or banded structure found in all of the base 
plates were a result of incomplete welding of secondary blowholes 
during hot rolling of the ingot. These blowholes were well distributed 
over the ingot, and appeared in the plate with a high frequency as 
short laminations which were the site of segregations of non-metallic 
particles. Figure 24 is a micrograph of such an area in specimen X14, 
which is typical of a similar condition in all of the X, Y, and Z speci- 
mens. The thermal gradient produced in the heat-affected zone of the 
base metal during welding caused these small laminations to open to 
their greatest width at or near the weld deposit, as shown by the 
arrows on the macrograph of specimen X1, Fig. 25. A similar condi- 
tion existed in specimen Y1, as shown in Fig. 26. Region 1 is a 
micrograph of laminations which widened to their greatest extent at 
the left side, next to the weld deposit. One such lamination is shown in 
region 2, where the weld metal at the left is the terminus of the 


_partially-opened lamination. 


a % 3 
Re 


Region 3 of Fig. 26 is a micrograph of a small lamination in 
specimen Y13, which opened in the heat-affected zone, and caused a 
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crack to start at one end. Region 4 is another area showing an opened 
lamination in the heat-affected zone of specimen Y18, which acted as 
an internal stress raiser. 

The Z specimens also showed the presence of a large number of 
these small laminations and occasionally a few of near major pro- 
portions. 

One effect of laminations was to cause a block type of fracture, 
as shown in Fig. 27, which occurred in specimens X14, Y1, and Z5. 
Although it is not clearly established, it appears possible that the 
weakening of the plate by such internal stress raisers may have 
hastened the formation of the fatigue crack which caused failure. 

A study of the distribution of the inclusions in the weld metal made 
on unetched, polished sections revealed an apparent accumulation of 
the non-metallic inclusions from the base metal in the region of the 
fusion line and at the surface of root beads, as shown in Fig. 28. The 
elongated inclusions in the base metal became spherical in the melt 
which chilled so rapidly as to prevent the escape of the inclusions to 
the slag cover on top of the molten weld deposit. 
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Fic. 29. Microcrari or ELecrrope SLAG ON UNFUSED SCARF OF 
SPECIMEN Z11 


Evidence of lack of root penetration in the X and Z specimens 
was shown in the fracture surfaces of Figs. 15 and 17. Figure 29 
shows an area near the root of the weld of specimen Z11 where the slag 
from the electrode coating had not been removed before the weld metal 
was placed. The dark area in this micrograph is recognized as slag 
from the electrode coating by the small particles of weld-metal spatter 
which it contains. The left side of Fig. 30 shows the unfused root of 
specimen X14, and the right side shows the effect of the expanding 
gas in preventing root fusion and causing porosity in the weld subse- 
quently laid down. Figure 31 shows a number of micrographs of 
unfused root areas in specimens Z5, Z6, and Z15. Even though the 
lack of fusion at the root of Z5 had a large stress-raising effect, failure 
occurred at the edge of the weld, indicating that the change in section 
acted as an even more effective stress raiser extending the full width 
of the specimen. 

Porosity in the weld metal was found in various regions of the 
welds, and was due to the trapping of gas in the rapidly solidifying 
metal. Porosity is thus distinguished from unfused regions which 
occurred mainly at or near the fusion line and principally at the root 
of the double V weld. None of the welds examined were entirely free 
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TABLE 12 
HyproGeN ConTeNT AND SpEcIFIC GRAVITY 
or WeLp Mera 


Hydrogen, 
Specimen No. per cent 
by weight 


Specifie 
Gravity 
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from porous areas, which were made easily visible to the unaided eye 
by a macro-etch on a polished surface with 50-50 HCl-water at 175 
deg. F. A few such macro-etched sections of welds are shown in 
Fig. 32. 

It was considered desirable to determine quantitatively the pres- 
ence of hydrogen in the weld deposits of the X, Y, and Z specimens. 
Accordingly, samples of weld metal in the form of %-in. bars about 
2 inches long were cut from specimens in which the weld metal had 
been left fairly intact after the fatigue test. The sample bars of weld 
metal were so chosen in the X and Z specimens as not to include the 
unpenetrated root area. The bars were weighed in air and in distilled 
water to the nearest 0.10 milligram for specific-gravity values before 
they were sent to the American Rolling Mill Company’s laboratory 
for hydrogen determinations. The hydrogen content and density of 
the samples are given in Table 12. 

The specific gravity was practically the same for all of the speci- 
mens tested. This indicated that, aside from lack of root penetration 
in some of the X and Z specimens, the deposited metal was equally 
sound in all. The hydrogen content for the Z specimen, however, was 
only about half of that reported for the X and Y specimens, but the 
difference was not reflected in the densities obtained. The lower 
hydrogen content was not, however, effective in decreasing the number 
of fisheyes found on the fractured surface of the Z specimens. It was 
not possible to determine from an examination of the sample whether 
the lower hydrogen content of the Z specimen was due to the welding 
electrode used or to the method of welding. 

A micrographic survey of porosity on polished-and-etched sections 
of the welds was highly effective in obtaining information as to the 
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microstructure of the porous regions and the form of cracks which start 
from them. Figures 33, 34, and 35 show porosity typical of several 
X, Y, and Z specimens, and there was evidence of cracks having origi- 
nated from the internal stress raiser provided by the pores. The 
columnar structure of the as-cast weld metal appears to have pro- 
vided an easy path for the propagation of cracks through the inter- 
dendritic area. Porosity occurred both in the columnar and recrystal- 
lized areas of the weld deposit. It was found near the root of the 
weld when the root was well penetrated by the weld deposit. It was 
frequently found at the junction between two weld deposits as shown 
in region 2 of Fig. 33, and regions 1 and 3 of Fig. 35. 

Micro fissures, such as are shown in Fig. 36, were found quite 
frequently on some transverse sections of a weld, but in many in- 
stances they extended only a short distance normal to the polished 
surface of the section, and were not visible on a parallel section only 
0.02 to 0.05 in. removed from that on which they were found. It is 
quite possible that these fissures were internal fractures which did not 
increase in size, due to the release of the fatiguing stress from the area 
by the development of a major crack in the near vicinity. 

The fisheyes, such as are indicated by arrows 1 and 2 in Fig. 37 
which were found on the fracture surface of the specimen, consisted of 
bright circular areas surrounding a central porous area or inclusion. 
Many of the specimens which fractured through the weld metal, and 
therefore contained fisheyes, were examined with a binocular micro- 
scope at low power. It was found that the center of the fisheye occasion- 
ally had a blue-violet inclusion with a highly reflective surface, but 
generally there was a blowhole with a bright surface and some veins 
in relief on the internal surface. Many fine cracks, which were judged 
to be very shallow, were seen on the internal surface of some of the 
blowholes. 


6. Discussion of Results of Fatigue Tests — 
Series X 


As shown in Table 7, the average fatigue strength for failure at 
100 000 cycles was as great for the X as for the basic series and, for 
failure at 2 000 000 cycles, the average fatigue strength was only 
slightly less for the former than for the latter. The results, however, 
are more erratic for the X than for the basic series. 

The specimens of the first group in Table 3, X1, X2, and X83, had 
a high average fatigue strength, but X2 was about 15 per cent stronger 
than X1 or X3. Specimen X2 broke at the edge of the reinforcement, 
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Fic. 37. MicrocraPus oF Cross-Section or FisHEyYES IN WELD Mrrau 


whereas X1 and X83 broke through the weld. The appearance of the 
fracture indicated that failure began at the surface and along the edge 
of the reinforcement for X2, but that, for X1 and X8, it began at the 
root of the weld where there was either imperfect fusion or slag in- 
clusion, or both, which acted as a nucleus for the fatigue fracture. 
The specimens in the second group of Table 3, X5, X6, and X7, had 
a high average fatigue strength, but X6 was about 12 per cent stronger 
than X5 and X7. The fracture of X5 followed the general outline of 
the surface of contact between the weld and the base metals. More- 
over, the surface appearance was that of a separation between two 
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materials rather than a fracture through the crystals of continuous 
metal, indicating that there had been some lack of fusion. Specimen X6, 
which was the strongest of the group, failed in the weld, and the frac- 
ture showed some minor imperfections at the root, and there was a 
small particle of slag at the nucleus of the largest fisheye. The third 
specimen of the group, X7, broke in the base plate several inches from 
the weld, and at a relatively small number of cycles, so that all that 
is known about the weld is that its fatigue strength for failure at 
100 000 cycles was 20 500 lb. per sq. in. or more. The fracture, Fig. 15, 
showed some laminations, but there was no well-defined nucleus on 
the surface of fracture. 

The specimens of the third group, X8, X9, X10, and X11, had an 
average fatigue strength 94 per cent as great as that for the same 
group of the basic series. The strongest of the group, X9, was 12 per 
cent stronger than the others. Its fracture began at the surface along 
the edge of the reinforcement, and there was no nucleus other than 
the line along the edge where failure began. Specimens X8, X10, and 
X11 all failed in the weld metal; their fatigue strengths were quite 
consistent, and each had a fisheye, as shown in Fig. 15, with a slag 
inclusion as a nucleus. 

The specimens in the fourth group of Table 3, X13, X14, and X15, 
had an average fatigue strength of only 0.87 of that of the correspond- 
ing group of the basic series. Moreover, the strongest of the group 
had only 90 per cent of the average strength of the corresponding 
group of the basic series. The fracture of X13 had a single large 
fisheye with a slag inclusion as a nucleus. Moreover, the fracture fol- 
lowed the junction of the weld and base metals for fully half of the 
section, indicating a lack of fusion. Specimen X14, which was the 
weakest of the group, broke partly in the weld and partly at the edge 
of the weld. The base plate was laminated at mid-thickness, a defect 
that caused the unusual fracture shown in Fig. 11. The fracture of 
X15, shown in Fig. 19, indicated imperfect fusion and some slag in- 
clusions at the root of the weld. 

The fracture of many of the X specimens showed a columnar struc- 
ture at the surface of the weld for a depth of at least *4¢, in. This 
resulted from the fact that the last layer was quite thick, as shown in 
Fig. 2. The columnar structure extended well below the surface of the 
base metal, as shown in Fig. 11, and may have affected the fatigue 
strength of the weld somewhat but there is no direct evidence to in- 
dicate that this was true. 

The welds of all specimens were inspected by x-ray and all radio- 
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TABLE 13 


CoRRELATION BETWEEN RADIOGRAPH RATING 
AND FATIGUE-STRENGTH RATING 


X Series 
% Fatigue- 
‘ : = Radiograph Sa 
Specimen No. 5 Strength 
I Rating Rating 
ere Pires cancels: yeihrele mentees Seana D 1.01 
Dee a a ea TALC naar OHAO Proc yOe D 1.14 
Do We whee ceomrons hic 7 Dike GPRS E E 0.99 
Dd ieee CRS SRRn rc tnd ek aioto D 0.96 
D.C kA Ae Oe ooo -ony CARE OTT AT Cc 1.06 
Dp ean Monon femme eee Cio Cee D Cc 0.92 
Dae MIR rend eee cic, SET AEE Cc 0.92 
KO ee to mrart te eters ths rc arroutes Cc 1.02 
olOe et etate non See nee eee C 0.92 
D.C ae SRE ect stcscr town orto C 0.87 
GE ae Pera aoa esis oe peas. to C 0.90 
Gil See Rae orcs rio as cane E 0.83 
UB eet ele scheme tases Morac teh ees D 0.90 


eraphs showed considerable porosity. The radiograph rating and the 
fatigue-strength rating are compared in Table 13. The fatigue-strength 
rating of a specimen as here used is the ratio of the fatigue strength 
of that specimen to the average fatigue strength of the corresponding 
eroup of the basis series. The data in Table 13 show no correlation 
between the radiograph rating and the fatigue-strength rating. This 
does not necessarily mean that flaws shown by radiographs are not 
injurious but rather that the stress-raising effect of lack of fusion and 
of the change in section at the edge of the reinforcing were more in- 
jurious than the flaws shown by the radiograph. 

The smallest value of the fatigue-strength rating for the X series 
was 0.83. 


Series Y 


As shown in Table 7, the average fatigue strength of the Y speci- 
mens was about 96 per cent of the average fatigue strength of the 
basic series for all groups. Moreover, with the exception of Y6 and 
Y13, Table 4, the results of the tests were very consistent. Specimens 
Y6 and Y13 were the only ones that broke through the weld. The frac- 
ture of Y6, Fig. 16, showed a large fisheye with a well-defined nucleus, 
but the character of the nucleus was uncertain. It appeared to have 
been some kind of inclusion. The fracture of Y13, the other weak 
specimen, showed some fisheyes near the root of the weld. 

The fracture of Y10, shown in Fig. 16, was typical of the fractures 
of Y9, Y11, and Y15, all of which broke along the edge of the rein- 
forcement. (The dark area is the fatigue fracture.) The fractures of 
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Y7 and Y12, both of which broke along the edge of the reinforcement, 
had a woody appearance, indicating slight laminations, and Y1, Y2, 
Y5, and Y14 showed some, but even less definite, indications of lami- 
nation. The fracture of Y3 is unusual, and might be considered as in- 
dicating laminations, but the fatigue strength was slightly greater 
than the average fatigue strength of the corresponding basic series. 
There was no significant difference in the fatigue strength between the 
specimens that were laminated and those that were not laminated. 

All of the Y specimens were inspected by x-ray and none of the 
radiographs showed anything more than a mere trace of porosity. 

The low fatigue strength of Y6 and Y13 would seem to have been 
due to a weakness at the root of the weld. This weakness was prob- 
ably due to an inclusion which acted as a stress raiser for Y6, and 
may have been due to a lack of fusion for Y13. 

The smallest value of the ratio minimum-to-average stress for the 
Y series, which occurred for Y13, was 0.83. This is the same as the 
corresponding ratio for X14, the weakest of the X specimens. 


Series Z 


The average fatigue strength of the Z series, given in Table 7, was 
about 92 per cent of the average fatigue strength of the corresponding 
groups of the basic series but individual tests were very erratic for 
some groups. The specimens of the first group, Z1, Z2, and Z3, all 
broke in the weld, and the values of the fatigue strength were quite 
uniform but about 7 per cent lower than the average fatigue strength 
of the same group of the basic series. The fractures, shown in Fig. 17, 
were very similar, each having a large fisheye and each showing evi- 
dence of slag inclusion and imperfect fusion at the root of the weld. 
The specimens of the second group, Z5, Z6, and Z7, all broke in the 
weld. The fatigue strength was considerably lower for Z5 and Z7 than 
for the basic series and was only 84 per cent as great for Z6 as for 
Z5 and Z7. The fracture of Z6, shown in Fig. 17, shows much the same 
flaws as for Z1, Z2, and Z3, and in addition there was an indication of 
a lack of fusion. Of the third group of specimens, Z8, Z9, Z10 and 
Z11, Z9 and Z10 were appreciably stronger than the corresponding 
basic series, but Z8 and Z11 were very much weaker. The fracture of 
Z9 began at the surface along the edge of the reinforcement, and was 
entirely in the base metal, as shown in the figure; the fracture for 
710 was several inches from the weld. The fracture was in the weld 
metal for both Z8 and Z11. There were indications of slag inclusion 
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TABLE 14 
CorrRELATION BretwrEN RaprocRaPH RATING 
AND Farrqun-STReENGTH RATING 
Z Series 


iS Fatigue- 
Radiograph Strenath 


Specimen No. iRowiays mee 
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and incomplete fusing at the root of the weld for both specimens. The 
fracture for Z11 followed the junction of the weld metal and base 
metal, indicating lack of fusion. The tests of the fourth group, Z12, 
Z13, Z14, and Z15, also were very erratic, Z13 being stronger than the 
basic series, and Z12 nearly as strong, whereas Z14 and Z15 were both 
much weaker. The usual relation between the character of the fracture 
and the fatigue strength was reversed for this group, Z12 and Z13 had 
the characteristic fracture through the root of the weld, but had a 
high fatigue strength, whereas, Z14 broke at the edge of the reinforce- 
ment, but at a relatively low number of cycles. The strength of Z15, 
which broke through the root of the weld, was low as would be ex- 
pected from the fracture. 

Radiograph ratings were made of all specimens, and the correla- 
tion between the radiograph rating and the fatigue-strength rating is 
given in Table 14. It would seem from this table that there was no 
consistent relation between the radiograph rating and the fatigue 
strength of the specimen. | 

The smallest value of the fatigue-strength rating, which occurred 
in the case of Z15, was 0.73, a value considerably lower than the cor- 
responding values for the X and Y series. 


7. Summary.—Hardness values for representative X, Y, and Z 
specimens indicate that hardening of the base metal in the heat- 
affected zone was not excessive. The maximum hardness range, mini- 
mum in unaffected base metal to maximum in heat-affected zone, had 
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values of 93, 83, and 80 for the X, Y, and Z series, respectively. The 
hardness maxima were 217, 224, and 202 for the heat-affected zone, 
and 183, 158, and 196 for the weld metal, respectively, for the same 
series. 

The radiographs showed small amounts of porosity in the X and 
Z specimens, but showed only a trace in the Y specimens. The lack 
of fusion and slag inclusions, faults that seriously affect the fatigue 
strength of the welds, were apparent in the radiographs of the X and 
Z series but were not apparent in the Y series. 

The relative fatigue strengths of the X, Y, Z, and basic series are 
compared in Table 7. 

For the X series, the ratio of average values of the fatigue strength 
for failure at 100 000 cycles was approximately unity for both cycles 
(0 to tension and tension to an equal compression), and the lowest 
value of the ratio minimum-to-average values was 0.92. For failure 
at 2 000 000 cycles, the ratio of the average values of the fatigue 
strength had values of 0.94 and 0.88 for cycles in which the stress 
varied from zero to tension and from tension to an equal compression, 
respectively. The ratio minimum-to-average values was 0.87 and 
0.83, respectively, for the same stress cycles. 

For the Y series, the ratio of average values of the fatigue strength 
was about 0.96 for all groups. For failure at 100 000 cycles, the ratio 
minimum-to-average values was 0.92 and 0.88 for cycles in which the 
stress varied from zero to tension and from tension to an equal com- 
pression, respectively. For failure at 2 000 000 cycles, the correspond- 
ing ratios were 0.95 and 0.83, respectively. 

For the Z series, the ratio of average values of the fatigue strength 
was about 0.92 for all groups. For failure at 100 000 cycles, the ratio 
minimum-to-average values was 0.92 and 0.80 for cycles in which the 
stress varied from zero to tension and from tension to an equal com- 
pression, respectively. For failure at 2 000 000 cycles, the correspond- 
ing ratios were 0.81 and 0.73, respectively. 

With a few exceptions, specimens that broke in the base metal at 
the edge of the reinforcement had a high fatigue strength, whereas 
those that failed through the weld metal had a low fatigue strength. 
The low fatigue strength of specimens that broke in the weld was at- 
tributed to slag inclusions and lack of penetration at the root of the 
weld and, in a few instances, to a lack of fusion of the base metal. 
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III. SprectmENS WELDED 1N Fiat PosITIoN 
SERIES XX, P, anp R; Group 2 


8. Description of Specimens —Because of the relatively low fatigue 
strength of some specimens of the X, Y, and Z series, it seemed de- 
sirable to test additional commercial butt welds in %-in. carbon-steel 
plates. The specimens for the three new series, designated as XX, P, 
and R, were welded in separate commercial fabricating shops, but the 
plates for all specimens, furnished by the Fatigue Committee, were 
from the same heat. Fabricator XX was the same as X and fabricator 
P was the same as Z. Because the plates of series X contained lami- 
nations, all plates for the XX, P, R, and subsequent series were ex- 
amined for laminations before being accepted. This examination, made 
by a commercial inspection bureau employed by the Fatigue Commit- 
tee, was as follows: The oxy-acetylene flame was kept under constant 
observation while the plates were cut with a torch. Edges on which 
laminations were found were machined off 4% in. and again examined. 
In each instance the lamination showed on the machined surface. The 
plates were also examined for surface flaws. The inspector’s report 
indicated that the plates were as free of laminations and surface flaws 
as can be expected of commercial steel. 

The tests of Groups 3, 4, 5, and 6, described in Chapters IV, V, VI, 
and VII, were planned at the same time as the tests of Group 2 with 
the idea of comparing the results of the tests of the various series. 
For this reason, enough plates were obtained from one heat, and 
subjected to the inspection just described, to provide for all specimens 
of all groups. The tensile properties and the chemical composition of 
the plate material, determined from specimens cut from the same 
parent plates as the fatigue specimens, are given in Tables 15 and 16, 
respectively. 

The welding was done by qualified welders working under an in- 
spector from a commercial inspection bureau employed by the Fatigue 
Committee. All welding was done in the flat position and was specified 
to be done in accordance with the American Welding Society’s 1939 
Specifications for Welded Highway and Railway Bridges, but each 
fabricator was allowed to use his own type of weld and welding pro- 
cedure and to select his own electrode. The details of the welding 
procedure, as furnished by the inspector, are given in Fig. 38. The 
dimensions of the specimens were the same as for the X,Y, Ly care 
basic series, given in Fig. 1. 

In order to facilitate a comparison of the results of these tests with 
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TABLE 15 


PuysicaL PROPERTIES oF PuatTeE MATERIAL 
Groups 2, 3, 4, 5, and 6 
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: ; r: . Ultimate Elongation Reduction 
Specimen No. : ee Strength, in 8 in., of Area, 
= ree lb. per sq. in. per cent per cent 
EN RE Nr yee Oe oda A NN YR ke tae iE 34 100 63 600 31.0 Syl 
Be SNe chs ct et 9s Ssad. geek Beco e co Sl 750 61 600 30.9 57.1 
Av. 32 930 62 600 31.0 56.1 
ESR eGR cls bn ees kt ch eat 34 750 64 200 30.0 49.8 
BS SMES RON nt uae ai. sito ea im, So cv vay oc 33 700 63 700 30.7 54.3 
Av. 34 230 63 950 30.4 52.1 
OO). 5 Cae bach earne See eStart enema 35 000 63 800 30.0 54.1 
RO) peter peter ns Ate e th Se ul vans Si eat 34 500 63 800 28.4 54.6 
Av. 34 750 63 800 29.2 54.4 
DP 6 Sa Dees SNe En ae 33 600 62 400 29.0 56.5 
PB) Seep meet ror lotta hos aan) Such shes rosea 34 600 63 800 29.8 55.5 
Ay. 34 100 63 100 29.4 55.0 
LE ate echoes ee cael Per AOA ti on eee 29 600 62 100 30.0 55.8 
BE) SPP ORRee ee eis wae Micke a slate oer ge tes 32 000 62 200 30.3 54.2 
Ay. 30 800 62 150 30). 2 55.0 
EP lake Renae er ed 35 400 64 750 32.6 55.1 
Neg nee OM tee oe OD a cn SA ae ey 34 950 63 100 31.3 55.8 
Av. 35 180 63 930 32.0 55.5 
[PLES =. 9 UE ca Mea Se ie dot Gon tee 31 500 62 900 29.8 5D. 
LeU. isd 2 Bue de tac Sel it ee 34 500 66 200 27.7 50.9 
ERO se a ey era See AaeeGMbeae ste 32 800 64 000 29.7 Doi 
Se PR enc Pent) ek giao yeie eines a See 32 500 63 200 30.9 56.1 
Av. 33 270 64 470 29.5 53.6 
TABLE 16 
CHEMICAL COMPOSITION OF PLATE MATERIAL 
Groups 2, 3, 4, 5 and 6 
XxEX, PSR, A, B, C,-D; B, E, G, 8, Z; and: Ui Series* 
Chemical Content, per cent 
Series 
C Mn Si P Ss 
RPE ra ok A aA oda '« os Souars eran ae « 0.255 0.529 0.007 0.009 0.032 
es Mere a fcc art agar eectn- attr 5 0) 38s 0.262 0.550 0.007 0.010 0.034 
bol MEL Ree ene 0.255 0.535 0.006 0.010 0.035 


*The plates for the specimens for all of these series were from the same heat. 


the results from tests of the X, Y, Z, and basic series, the XX, P, and 
R series were tested, in general, on the same cycle as had been used 
for the previous series. The results of the tests are given in Section 9. 


9. Results of Tests—The results of the individual tests are given 
n Tables 17 to 19, and a summary of the results is given in Table 20. 
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Pass |\EF/ect. |Current 
| We. Size | Anweres 
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Specimens XX-1 10XX-3 & XK? to XX-IS- 


Weld 


a 3 


A.W.S. £-60/2 
DC. Reversed Polarity. 
Al/ passes 11? 

same AWrecrior?. 


A.W.S. E-60/2 
DC Reversed Folarity. 
All passes 1? 

same Mrecr/o/?. 


3 


Ss 

A.W.S. E-6030 32 150 

Type 8B Electrodes 2” i 
JG 


A.W.S. E-60/0 
QC. Reversed Polarity | 
Alrernare passes 7o 2 | /60-/80 
Tight atid left for 
SuCCceeMING (PASSES 
aver rirst ore. ooaeals 

Soecimens P-7, P-9, & P-10* 

9 for P10, 702. 

10 for P-7& P-9, 
AWS. £-60/0 f Stogle Bead for ooo 
QC. Reversed Polarity a a | 

Ww 
Alternate passes to All iz | 60-180 
right aad left for 
succeeding passes Single Bead for P-7§ PIF 
atter tirst Ore, THUMP IEE OIG, al Nes é 
10 for P-/0. | | 


“Three fatigue specimens each were cut froin P-6,P-7, P-8, P-9, ara P10 


Fic. 38. Drrars or Wetps. XX, P, ANp R Surims 
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TABLE 17 
Fatigue SrrENGTH oF ComMerciaL Burr WeLps In 74-1n. CARBON-STEEL 
Puates In As-WELDED ConpDITION 
XX Series 
Fatigue Strength in 
Speci ; ae 1000’s of lb. per sq. in. | Location 
Faron Cycle Stress, S, in 1000's foe $ of 
No. of lb. per sq. in. TALE, I Fatigue 
imTOOO Se = n= Crack* 
in 1000's | 100.000 | 2.000 000 
XX4 0 to Tens. 0 to 30.0 246.7 33.7, 1 
XX6 0 to Tens. 0 to 30.0 285.7 34.4 iN 
XX14 0 to Tens. 0 to 30.0 226.6 33.4 1,2 
Avy. 33.8 
XX1 0 to Tens. 0 to 25.0 984.4 22.8 1 
XX7 0 to Tens. 0 to 25.0 1103.2 PES) 2 
XX9 0 to Tens. 0 to 25.0 1154.9 TRY 2 
Av. OBI 
XX5 Comp. Rev. +20.0 to —20.0 402.7 24.0 LD 
XX10 Comp. Rev. +20.0 to —20.0 279.5 22.9 Ti? 
XX11 Comp. Rev. +20.0 to —20.0 391.5 23.9 2 
XX8 Comp. Rev. +19.1 to —19.1 429.1 23. 1 il 
Av. 23.5 
XX2 Comp. Rev. +16.0 to —16.0 336.8 1357 i te 
Xe15 Comp. Rev. +16.0 to —16.0 263.0 1253 2 
XX12 Comp. Rev. +16.0 to —16.0 545.5 Toe. 1 
Av. 12.8 
*See Fig. 4. 
TaBLp 18 
FatiIGuE STRENGTH OF ComMMERCIAL Burr WemLpDS IN 7%-IN. CARBON-STEEL 
Puates In As-WrLpED CONDITION 
P Series 
7 Fatigue Strength in 
: Number 1000’s of lb. per sq. in. | Location 
Speci- Guns Stress, S, in 1000’s of aes of 
ae y of lb. per sq. in. Failure, N, Fatigue 
in 1000’s n= n= Crack 
100 000 2 000 000 
P10 0 to Tens. 0 to 30.0 209.5 33.0 1 
eal 0 to Tens. 0 to 30.0 324.7 Soe 2 
P2 0 to Tens. 0 to 30.0 277.8 34.3 2 
Av. 34.1 
Pis 0 to Tens. 0 to 25.0 507.8 20.9 2 
1283 0 to Tens. 0 to 25.0 986.1 22.8 2 
P14 0 to Tens. 0 to 25.0 391.8 20.2 2 
Av. 21.3 
P4 Comp. Rev. +20.0 to —20.0 Over 19.0 1, 2 
PS Comp. Rev. +20.0 to —20.0 18.2 19.4 2 
P15 Comp. Rev. +20.0 to —20.0 42.3 17.9 2 
Av. 18.8 
lead: Comp. Rev. +16.0 to —16.0 118.0 11.1 1,2 
P9 Comp. Rev. +16.0 to —16.0 305.1 12.5 L 
Pil Comp. Rev. +16.0 to —16.0 197.0 11.8 1,2 
Av. 11.8 


*See Fig. 4. 


76 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 19 
Faricur Srreneru or CommerctaL Burr WELps IN 74-IN. CARBON-STEEL — fi 
Puatres IN As-WELDED CONDITION 
R Series / 
f 
> 1 
Fatigue Strength in i 
Sade Number | 10900’s of lb. per sq. in. | Location 4 
Speci- Cyel Stress, S; in 1000’s of cee of r 
nee Sycle of lb. per sq. in. Failure, N, ‘i a (eee 
in 1000's | 100.000. | 2 000 000 ‘| 
; 
R1O 0 to Tens. 0 to 30.0 485.5 36.8 1 : 
R14 0 to Tens. 0 to 30.0 359.4 35.4 al 
R2 0 to Tens. 0 to 30.0 181.2 32.4 2 
Av 34.9 
R38 0 to Tens. 0 to 25.0 1405.1 23.9 1,2 
R6 0 to Tens. 0 to 25.0 105.7 Wiad 1 
R7 0 to Tens. 0 to 25.0 1300.8 23.6 2 
R10 0 to Tens. 0 to 25.0 1471.0 24.0 2 
Av. 222; 
RY Comp. Rev. +20.0 to —20.0 434.7 24.2 ale 2 
Rll Comp. Rev. +20.0 to —20.0 83.9 19.6 1,2 
R13 Comp. Rey. +20.0 to —20.0 148.6 Ze 1,2 
Av. 21.6 
R1 Comp. Rev. +16.0 to —16.0 83.4 10.6 1 
R4 Comp. Rev. +16.0 to —16.0 935.9 14.5 4 
R5 Comp. Rev. +16.0 to —16.0 85.6 10.6 1 
R8 Comp. Rev. +16.0 to —16.0 148.2 11.4 1 
Av. 11.8 
*See Fig. 4. 
TABLE 20 


Fatigue SrrENGTH or ComMMeErRcIAL Burr WELDS IN %%-IN. CARBON-STEEL 
Puates 1n AS-WELDED CONDITION 
XX, P, and R Series; Summary of Results 


Fatigue Strength, Fatigue Strength, 
lb. per sq. in. nm = 100 000 lb. per sq. in. n = 2 000 000 
Stress Cycle 
Basic xX P R Basic XX P R 
Series Series Series Series Series Series Series Series 


Average Values 


° 33 100 | 33 800 | 34 100 | 34 900 | 22 500 | 23 100 | 21 300 | 22 200 

Zero to tension 1.00 | 1.02 1.03 1.05 | 1.00 1.03 | 0.95 | 0.99 1 
Tension to. 22 300 | 23 500 | 18 800 | 21 600 | 14 400 | 12 800 | 11 800 | 11 800 
equal compression 1.00 1.05 0.84 0.97 1.00 0.89 0.82 0.82 


Minimum Values 


ec 32 000 | 33 400 | 33 000 | 32 400 | 22 100 | 22 800 | 20 200 | 17 100 
AOS OE SIES 0.97 | 1.01 | 1.00] 0.98] 0.98) 1.01] 0.90) Os76 
Tension to 21 400 | 22 900 | 17 900 | 19 600 | 13 300 | 12 300 | 11 100 | 10 600 . 
equal compression 0.96 1.03 0.80 0.88 0.92 0.85 0.77 0.74 : 


The upper line gives the fatigue strength, the lower line gives the ratio of the fatigue strength 
to the corresponding average fatigue strength of the basic series. 


7. ach average is the average of either three or four tests, and each minimum is the minimum of 
e group. 
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CARBON-STEEL PLates. XX, P, anp R Series 


Corresponding data for the basic series are given in Table 6. All speci- 
mens were tested in the as-welded condition. 

The S-N diagrams, Fig. 39, were drawn in the same manner as 
for the X, Y, and Z series, described in Section 4. The S-N diagram 
for the XX series, cycle zero to tension, represents the results of the 
tests very well, but for the cycle, tension to an equal compression, the 
average number of cycles for failure was no greater for a stress of 
16 000 lb. per sq. in. than for a stress of 20 000 lb. per sq. in. The 
specimens tested at the higher stress had a fatigue strength greater 
than the basic series and those tested at the lower stress had a fatigue 
strength less than the basic series. The S-N diagrams for the P series 
represent the data fairly well, but for the R series the number of cycles 
for failure was no greater at the lower stresses than at the higher 


78 ILLINOIS ENGINEERING EXPERIMENT STATION 


Bernd-rest 
Specimens 


FIAT ANCSS 
Specter? 


Ww w 
Plate G4 # Butt Weld 3 Plate 


Fia. 40. Location or FATIGUE SPECIMENS AND 
Static SPECIMENS IN ParENT PLATE 


stresses. Moreover, tests at the same stress gave widely differing re- 
sults. For example, R3 and R6 were both tested on a cycle for which 
the stress varied from zero to a tension of 25 000 lb. per sq. in. 
Although R3 withstood 1 405 100 cycles, R6 broke at 105 700 cycles. 
Likewise, R9 and R11 were both tested on a cycle for which the stress 
varied from 20 000 lb. per sq. in. tension to an equal compression, 
but R9 broke at 434 700 and R11 at 83 900 cycles. Also R1 and R4 
were both tested on a cycle for which the stress varied from 16 000 
lb. per sq. in. tension to an equal compression, but R1 broke at 83 400 
and R4 at 9385 900 cycles. 

The results of the XX, P, and R series, summarized in Table 20, 
are discussed in Section 12. 


10. Metallurgical Studies —Metallurgical studies were made of the 
XX, P, and R specimens similar to those made on the X, Y, and Z 
specimens described in Section 5. The XX and P specimens were 
found to have major laminations in the base plate, those in the XX 
specimens being considerably more pronounced than the ones in the P 
specimens. The R specimens appeared to be entirely free from major 
laminations. The inspector reported that the parent plates from which 
specimens XX1, XX2, XX3, and R15 were cut contained minor lami- 
nations, but that the parent plates from which the other XX, P, and 
R specimens were cut were free from laminations. Apparently a re- 
peated or reversed stress will open laminations that cannot be detected 
in an unstressed plate by the usual inspection methods. 

Studies of the unaffected base metal, the weld metal and the heat- 
affected base metal of specimens XX, P, and R indicated that the 
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TABLE 21 


Vickers HarpNness NumBers ror Base AND Wetp Mbprau 
XX, P, and R Series 


Unaffected Base Metal Heat-Affected 
Hard- Zone 


“ness 
Series 
No. Mini- | Maxi- | Aver- | Mini- | Maxi- | Mini- | Maxi- | Aver- 
mum | mum age mum | mum | mum | mum age 


Weld Metal 


Specimen Series 


|, OSG ae a rr a eee 1 130 145 140 152 181 161 170 167 
2 145 165 152 168 195 176 181 180 
3 137 151 144 150 179 166 184 172 
NMS oes et ny Ones 1 122 150 135 166 211 152 169 160 
2 123 167 135 167 189 127 152 145 
3 122 145 132 145 216 154 179 160 
11.300 ooh ee anne eae 1 142 157 145 151 179 158 164 162 
2 134 160 142 141 182 131 158 144 
3 142 152 145 148 186 151 162 158 


microstructures of these specimens were similar to those found in the 
_X and Z specimens, reported in Section 5. 


Hardness Measurements 


Hardness tests, similar to those described for the X, Y, and Z speci- 
|mens, were made on unstressed control specimens cut from between the 
\fatigue specimens, as shown in Fig. 40. The hardness data are given 
iin Table 21 and are shown graphically by the diagrams of Fig. 41. 
‘The hardness of the unaffected base metal and of the heat-affected 
[base metal was approximately the same for the XX, P, and R speci- 
‘mens as it was for the X, Y, and Z specimens; the hardness of the weld 
‘metal for the XX, P, and R series was about the same as for the Y 
‘specimens, but was somewhat lower than for the X and Z specimens. 

There was a considerable increase in base-metal hardness of the 
|P specimen close to the heat-affected zone, similar to that noted es- 
pecially for the Z specimens. Since the hardness tests were carried out 
on specimens XX, P, and R welds which had not been tested in fatigue, 
it would seem that the increase in hardness of the unaffected base 
metal near the heat-affected zone was due to sub-critical aging. There 
is no evidence that this aging had any appreciable effect upon the 
fatigue strength of the specimen. 


Fatigue Fractures 


A classification of the fatigue failures on the basis of their location 
is given in Table 22. Most of the XX specimens failed at the edge of 
the weld, but for six specimens the failure at the edge of the weld was 
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TABLE 22 


CLASSIFICATION OF FATIGUE FRACTURES 
XX, P, and R Series 


: fe Number of 
Se rs of Roe of Failures Partly] Number of 
: ailures ailures : : 
Series Bainidee micoten in Weld and Failures 
at ; Ba ee Pl: 
of Weld Weld EE in Plate 
I OOPNG ee Pirie ba /tetcieis cis eave Srsress Bere teie os 4 3 6 0 
IE Seis Oo One CERES ro eR net Sc 7 2 3 0 
Te eke GENCE Cea Mae gee eee Se 3 6 4 1 


combined with failure through the weld. The separate fractures of the 
latter type were joined by a major lamination at approximately mid- 
thickness of the specimen. The fracture of specimen X14, for which 
the macrograph X14-4 is shown in Fig. 18, is typical of the fractures 


in many of the XX specimens. Most of the P specimens failed at the 
edge of the weld. 

The fracture for P7 was in the weld on one side of the specimen 
as d at the edge of the weld on the other side, as shown in Fig. 42. Two 
» erlapping beads were used in making the weld, as shown at the right 
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of the figure. The path of that portion of the fracture in the weld metal 
may have been determined by the external stress raiser resulting from 
the junction of the two beads in combination with the internal stress 
raiser due to a lack of penetration at the root of the weld, two features 
that seem to be detrimental. It is of interest to note that P7 was 
among the weakest of the: butt-weld specimens that were tested. 

The fractures of the R specimens were mostly either in the weld, 
or partly in the weld and partly at the edge of the weld, and were 
similar to the fractures of the Z specimens described in Section 5. 
The lack of root penetration generally present in both Z and R speci- 
mens acted as internal stress raisers that were more severe than the 
change in section at the edge of the reinforcement, and caused failure 
to occur in the weld metal. 

A survey of the porosity in the weld metal of the XX, P, and R 
specimens was made by sectioning many specimens of each series and 
etching the polished section in boiling 50-50 HCl and water. The sec- 
tions were taken longitudinally through the middle of the weld (trans- 
verse to the specimen), and disclosed the porosity at the root of the 
weld and in the center of the outer beads. In general, the XX speci- 
mens had a large number of small blowholes distributed throughout 
the weld deposit, with a slightly greater number at the root of the 
weld than in the outer beads. For the P specimens, the blowholes ap- 
peared to be most prevalent at the root on one side of the double V; 
the remainder of the weld was quite free from this defect. The R speci- 
mens were remarkably free from blowholes, but some of the etched 
sections disclosed long streaks of slag indicative of a lack of fusion 
due to a slag coating on the scarf. 

The density of samples of weld metal for the XX, P, and R speci- 
mens was determined by the method described in Section 5 for the 
X, Y, and Z specimens. The average specific gravities determined by 
weighing in air and in distilled water were 7.83, 7.86, and 7.87, respec- 
tively, for the weld deposit of XX, P, and R specimens. It is of in- 
terest to note that the specific gravity was least for the XX specimens, 
the ones having a large number of small voids distributed through- 
out the weld metal. 


11. Static Tests—The fatigue specimens were cut from a parent 
plate containing a continuous weld, as shown in Fig. 40. Static tension 
and side-bend specimens were machined from the piece cut from 
between two adjacent fatigue specimens. Adjacent side-bend and 
fatigue specimens have the same number. If a side-bend test is taken 
from each side of a fatigue specimen, they both have the same number 
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as the fatigue specimen, except that one number is supplemented with 
-1, as P1l and P11-1. The details of the static specimens, tension and 
side-bend, are shown in Fig. 48. 

All static tension specimens broke outside of the weld and de- 
veloped a strength equal to the static strength of the corresponding 
control specimen, given in Table 15, indicating that the flaws disclosed 
by fatigue fractures and by the metallurgical studies of Section 10 
were not great enough to reduce the static strength of the weld below 
the original strength of the base plate. The appearance after failure 
is shown for a number of specimens in Fig. 44. It is of interest to note 
that, although no specimens failed in the weld, the tension did make 
the flaws more apparent. 

The results of the side-bend tests are given in Table 23 and 
Figs. 45, 46, and 47. The specimens shown in the figures were polished 
and etched to disclose the flaws and the junction of the weld and base 
metal. The appearance of P15-1 of Fig. 46, and R3-1 of Fig. 47, is 
typical of specimens that contained no flaws. Likewise, XX5-1 of 
Fig. 45, P7 of Fig. 46, and R3 of Fig. 47 are typical of specimens that 
had flaws but that passed the side-bend test. Specimens XX9-1, R11, 
and P3-1 broke whereas XX15, P1l-1, and R4 did not break but 
failed to pass. Specimens R11 and P3-1 show a distinct lack of pene- 
tration at the root of the weld. 

The results of the side-bend test* are compared with the fatigue- 
strength ratingst of the specimens in Table 23. The information in 
this table indicates that there is no consistent relation between the 
results of the side-bend test and the fatigue-strength rating except 
that, in some instances, the specimens that pass the side-bend test 


*For description of the Side-Bend Test of Butt Welds, see A.W.S. Specification "f 
Highway and Railway Bridges (1941 Edition) pages 89, 96, and 98. - see 

+The fatigue-strength rating of a specimen, as given in this table, is the ratio of the fatigue 
strength of that specimen to the average fatigue strength of the corresponding group of the basic 
series, given in Table 6. 
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TABLE 23 


RELATION BETWEEN RESULTS OF SIDE-BEND TEST AND 
FATIGUE-STRENGTH RATING 
XX, P, and R Series 


Fatigue- Location of 
- Results of x 2 
$s men No. a: Strength Fatigue 
payed Side-Bend Test Rating Fracture 
DO. Monch craic CeO COE APO OO eat ROTC Did not pass 1.08 In weld and at 
D.@ ios perro ci aoa eS Oko yt BS Minor flaws edge of weld. 
OS seer rat, Saath tous oe ea espana Did not pass 1.04 At edge of weld. 
SKOKIE LS cyara  arsuvraienstateinrevenrsrsyetoanein eres Specimen broke at middle 
of weld. 

OX EB gitar as sinere sre UEP rae teen Did not pass 0.85 At edge of weld. 
Eid salts kite eure mr oie asowcs Peon POEL Lae ANTI Did not pass 1.00 At edge of weld. 
PS ira taki al Sneed Mint cate obese zgite eee oe Minor flaws 1.01 At edge of weld. 
aid Renee? Gets GOOD EE CIDOrhS OA Oo Specimen broke at middle 

of weld. Pronounced 

lack of penetration at 

root of weld. 
1 oa? (en PERE NCan oe Pat eMC Ke ee. clo crore Minor flaws 0.78 In weld and at 

edge of weld. 

1 2 eine eck, See ie ve Pie ee eR RR SINCE. coe. Did not pass 0.87 At edge of weld. 
i Sd it es ech eer tase Oka MS ya eeT iy oO 6 Did not pass 0.82 At edge of weld. 
158 Gi 0S Ryereeec m tee eAeC e sy ic cles es Did not pass 
PUD) ole Joetat Bi tocncee Serres ee oh citer. Did not pass 0.80 At edge of weld. 
PLSD AS ed Sota RO Neo come re No flaws 
18 er ea: Ha eta eri RG. ee ounces Minor flaws 0.74 In weld. 
RSS isa tel sata ote ettore rer naue eine oe See Minor flaws 1.06 At edge of weld. 
po ae ees oan SE io eee Tee clo ot No flaws 
TRA ee teers hay anya Cte eR eee Did not pass 1.00 Several inches 
TRAST he Fah asic Re Soaks chon note ee eer ee Minor flaws from weld. 
IRD Si cirerocams buckeyes cee hanenes Mares, Pe eae RO Minor flaws 0.74 In weld. 
IRGo ciate nonin een enone einai No flaws 0.76 In weld. 
RG at ere). ys accra eae atien tate rn eer te Very minor flaws 
IRSie Saye Raetene eee Cia tee ore te Me Oe Rea ae Very minor flaws 0.80 In weld. 
RD a Ne CU Ce ne une cite eis Specimen broke at middle 0.88 In weld and at 


of weld. Pronounced 
lack of penetration at 
root of weld. 


edge of weld. 


have a higher fatigue-strength rating than those that do not. This, 
however, is not always true. Fatigue specimens XX5 and XX9 had 
fatigue-strength ratings of 1.08 and 1.04, whereas one of the two side- 
bend specimens for each of the two fatigue specimens failed to pass. In 
contrast with this, specimen R6 had a fatigue-strength rating of only 
0.76 and the two adjacent side-bend specimens passed the side-bend 
test, one showing only very minor flaws, and the other showing no 
flaws that could be detected without magnification. In some other 
instances, the specimens that did not pass the side-bend test had a 
low fatigue strength. The lack of correlation between the results of 
the side-bend test and the fatigue test may be due to the fact that the 
side-bend test is a “sampling” test. The presence or absence of a flaw 
in one transverse strip across the weld 5% in. wide is not necessarily 
a dependable indication of the presence or absence of flaws along an 
adjacent 5-in. length of the weld. 
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12. Discussion of Results — 


XX Series 


As shown in Table 20, the average fatigue strength for failure at 
100 000 cycles was slightly greater for the XX than for the basic 
series. Moreover, the results were consistent, the minimum value for a 
group being slightly greater for the XX series than the average values 
for the corresponding group of the basic series. The same statements 
can be made relative to the fatigue strength for failure at 2 000 000 
cycles insofar as it applies to the specimens tested on a cycle in which 
the stress varied from zero to tension; but the specimens of the XX 
series tested on a cycle in which the stress varied from tension to an 
equal compression, although consistent with each other, had a lower 
fatigue strength for failure at 2 000 000 cycles than the basic series, 
the ratio of average values and the ratio minimum-to-average values 
for the group being 0.89 and 0.85, respectively. 

All static tension specimens failed outside of the weld. The speci- 
men weakest in fatigue, X X15, failed to pass the side-bend test. Speci- 
mens XX5 and XX9, which had more than average fatigue strength, 
also failed to pass the side-bend test. Although the XX specimens, 
tested for failure at 2 000 000 repetitions of a cycle in which the stress 
varied from tension to an equal compression, had a lower fatigue 
strength than the corresponding group of the basic series, the XX 
series as a whole was the strongest and most consistent of any of the 
series of commercial welds tested. The radiographs showed that all 
specimens had considerable porosity, but it consisted of small voids 
quite uniformly distributed through the weld metal, and seemed to be 
less injurious than the external stress raiser due to the change in 
section at the edge of the reinforcement. 

The fabricator who made the XX specimens had previously made 
the X specimens. Moreover, before the XX specimens were welded, the 
welding superintendent had examined the fatigue fractures of the X 
specimens and realized the character of the flaws that caused the 
fatigue strength of some of them to be low. The inspector from the 
inspection bureau, under whose supervision the welds of the XX series 
were made, had also been informed of the character of the flaws in the 
X specimens. It is possible that a knowledge of the nature of the flaws 
in the X series may have reduced slightly the magnitude of similar 
flaws in the XX series. 

Series P 


The S-N diagrams of Fig. 39(b) show that the tests of series P were 
fairly consistent, but the fatigue strength was low for a few specimens. 
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The ratio of averages had values of 1.03 and 0.95 for failure at 100 000 
and 2 000 000 cycles, respectively, for a cycle in which the stress 
varied from zero to tension. The corresponding values were 0.84 and 
0.82 for a complete reversal of stress. The ratio minimum-to-average 
had values of 1.00 and 0.90 for failure at 100 000 and 2 000 000 
cycles, respectively, for a cycle in which the stress varied from zero 
to tension. The corresponding values were 0.80 and 0.77 for a complete 
reversal of stress. Two specimens, P9 and P10, broke in the weld. P9 
had a low, and P10 a high fatigue strength. Three specimens, P4, P7, 
and P11, broke both in the weld and at the edge of the weld; P7 and 
P11 had low fatigue strengths. All of the other specimens broke at the 
edge of the weld. 

All static tension specimens broke outside of the weld; six of the 
nine side-bend specimens failed to pass the test, but, with the exception 
of P7, the corresponding fatigue specimens broke at the edge of the 
reinforcement. 

The fabricator who welded the P specimens had previously welded 
_ the Z specimens. Moreover, the fabricator and the inspector for the 
_ P specimens had been informed of the character of the flaws in the Z 
specimens prior to the welding of the P specimens. Nevertheless, the 
P specimens were only slightly, if any, better than the Z specimens. 


Series R 


The S-N diagrams of Fig. 39(c) show that the tests of series R were 
very inconsistent. The ratio of averages had values of 1.05 and 0.99 
for failure at 100 000 and 2 000 000 cycles, respectively, for a cycle 
in which the stress varied from zero to tension. The corresponding 
values were 0.97 and 0.82 for a complete reversal of stress. The ratio 
minimum-to-average had values of 0.98 and 0.76 for failure at 100 000 
and 2 000 000 cycles, respectively, for a cycle in which the stress 
varied from zero to tension. The corresponding values were 0.88 and 
0.74 for a complete reversal of stress. As shown in Table 22, many of 
the specimens broke in the weld; only R4 broke entirely outside of the 
weld. It had a considerably higher fatigue strength than others of its 
group that failed in the weld. The fractures of all specimens that 
failed in the weld showed a lack of penetration at the root of the weld. 

All static tension specimens broke outside of the weld; two of the 
-ide-bend specimens failed to pass the test, but the fatigue strength 
was not particularly low for either of the corresponding fatigue 
specimens. 


13. Summary.—tThe results of the six series of commercial butt 
welds in 7%-in. carbon-steel plates welded in the flat position with a 
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Fic. 48. Comparison or Faticup StRENGTHS OF VARIOUS SERIES OF 
CommerciaL Burr WELDS IN %-IN. CaRBON-STEEL PLATES 


manually-operated metallic arc, summarized in Tables 7 and 20, are 
shown graphically by the diagrams of Fig. 48. Figures 48a and 48b are 
for specimens tested on a cycle in which the stress varied from zero 
to tension, 48a being for failure at 100 000 cycles and 48b for failure 
at 2 000 000 cycles. Likewise, Figs. 48c and 48d are for specimens 
tested on a cycle in which the stress varied from tension to an equal 
compression, 48c”’being for failure at 100 000 cycles and 48d for 
failure at 2 000 000 cycles. The series designations, basic, X, Y, etc., 
are given above the diagrams in each instance. Each group consists 
of three diagrams; the upper one represents the maximum value, the 
lower one the minimum value, and the middle one the average value 
for a group. All values are expressed in percentage of the average 
value of the corresponding group of the basic series. It is to be noted 
that the results were more consistent for some commercial series than 
for the basic series. 

The average and minimum values of the fatigue strength, for vari- 
ous ratios of minimum-to-maximum stress in the stress eyele and for 
failure at 100 000 and 2 000 000 repetitions, are given in Table 24. 
Two sets of values are given, the upper one includes only the basic 
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TABLE 24 


Fatigub STRENGTH or CommerciAL Burr WELDS IN 
7Z-IN. CARBON-STEEL PLATES 
Basic, X, Y, Z, XX, P, and R Series 


All specimens welded in the flat position with a manually-operated metallic arc. All specimens 
tested in the as-welded condition. 
All values of fatigue strength given in lb. per sq. in. of gross section of plate. 


Cycle 


Tension to an 


Zero to Tension ; 
eESiO Equal Compression 


n = 100000 | » = 2000000} n = 100000 | x = 2 000 000 


Basic Series 


BN berOf GEStSk anc cts eedia a adues es 4 3 3 4 
Average fatigue strength for all 

BES US renee etal ico simnee ails eyevantys 33 100 22 500 22 300 14 400 
Minimum fatigue strength for any 

QUEM ES Ue oo vices Telsiar hole cin nate iw os 32 000 22 100 21 400 13 300 


X, Y, Z, XX, P, and R Commercial Series 


INTM DET OL GESUS), a) cy sret weston oe ox 19 21 19 21 


Average fatigue strength for all 
EOS COR eee se Pe ah erence ome ancole ssa 33 200 21 700 21 300 12 700 


Minimum fatigue strength for any : 
ONE LESUR Arar ties oe He ree Poms 30 400 17 100 17 900 10 500 
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series; the lower one includes all of the commercial series. It is of 
interest to note that the two sets of averages do not differ greatly, but 
that the minima are much less for the commercial than for the basic 
series for some categories. 

Average values for the commercial series are represented by the 
full-line diagrams of Fig. 49. The numerals adjacent to the solid 
circles indicate the number of tests averaged, and the small open 
circles represent individual tests that gave less than average values of 
the fatigue strength. A numeral adjacent to an open circle indicates 
the number of tests that gave that particular fatigue strength. 

The broken lines represent two-thirds of the average values of the 
fatigue strength. It is of interest to note that all values fall well above 
the broken lines. 

The XX, P, and R series, which were welded under the supervision 
of an inspector employed by Committee F, were neither significantly 
better nor significantly poorer than the X, Y, and Z series which were 
not supervised by an outside inspector. 


LV. Specimens WELDED IN VARIOUS POSITIONS AND 
Wirns Various ELECTRODES 
Series A, B, C, D, E, F, G, 8, T, anp-U; Group 3 


14. Description of Specimens —The specimens for the X, Y, Z, XX, 
P, and R series were all welded in the flat position; the specimens 
used in the tests described in this chapter were butt welds in %-in. 
carbon-steel plates welded in various positions and with various elec- 
trodes, as indicated in Table 25. The plates were rolled from the same 
heat as the plates used for the XX, P and R series, described in Sec- 
tion 8. The specimens were made by commercial fabricators and the 
welding was done by qualified operators* working under the super- 
vision of an inspector from an inspection bureau employed by the 
Fatigue Committee. In each instance, the welding operator had had 
experience with the electrode that he used in welding the specimens. 
The details of the welding procedure for the various series are shown 
in Figs. 50 and 51. Some specimens of each series were tested on a 
cycle in which the stress varied from zero to tension, others on a cycle 
in which the stress varied from tension to an equal compression. The 
dimensions of the specimens were the same as for the basic series 
shown in Fig. 1. All specimens were tested in the as-welded condition. 


*See note, Table 25. 
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TABLE 25 


PosITION OF WELDING AND CLASSIFICATION OF ELECTRODE FOR COMMERCIAL 
Burr Wetps 1n 7-1n. CarBoN-STHEL PiaTEs 


Welding specified to be done in accordance with the American Welding Society’ Speci 

; 1 [ } g Society’s 1941 Specifica- 
tions for Welded Highway and Railway Bridges by a qualified welder working under an inspector 
furnished by Committee F. 


d Electrode 
Series ee Type of Groove Welding Position 
oO. 
A E6010 Symmetrical Welded in the flat position from one side 
B E6012 double V and in the overhead position from the 
C E6013 other side. 
D £6010 Symmetrical Welded in vertical position from both 
E E6012 double V sides. 
F E6013 
G £6030 for Single U U side welded in flat position and the other 
flat position side in the overhead position after 
proper back-chipping to sound metal. 
16010 for 
overhead position 
Ss E6010 Symmetrical Welded in the flat position from one side, 
ae E6020 double V then turned over and welded in the flat 
U E6030 position from the other side. 


15. Results of Tests——The results of the tests are given in Tables 
26 to 29, inclusive; the type of groove and the position for welding are 
given in the title and the A.W.S.-A.S.T.M. electrode classification is 
given in the body of the table in each instance. The number of 
cycles for failure and the fatigue strength corresponding to failure at 
100 000 or 2 000 000 cycles are given. The fatigue strength was com- 
puted from the number of cycles for failure by use of the equation 
F=S8S (N/n)*, in which F is the fatigue strength corresponding to 
failure at n cycles, S and N are the maximum stress in the stress cycle 
and number of cycles for failure, respectively, and K is an experi- 
mental constant. The individual tests of the same series were quite 
inconsistent and there were not enough specimens with the same 
groove, electrode, and position of welding to establish a value of K 
from these tests alone. The constant K was therefore assigned a value 
of 0.13, the value previously used in Bulletin 327 for butt welds with 
the reinforcement on. Where the ratio (N/n) had values between 
2.5 and 0.40, a considerable error in the value of K would make only 
a relatively small error in the computed fatigue strength.* In the few 
mstances in which the value of N/n fell considerably outside of this 
range (2.5 to 0.40), the computed values may be considerably in error. 
However, no more acceptable method is available for getting probable 
salues from a few highly erratic tests. 


*Report No. 2, Committee F. 
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Weld 


a 
Current, 


= 
Pass Paaian, Elect one 


No, | See bees 


Specimen Number-Ad-/, Ad-2, A4-3, AS-/, A5-2, A5-3, AE-l, A6-2, A6-3 


A.W.S. E-60/0 
DC. Reversed Polarity 
Machined Groove 


mal f | 
lage Flat | # | 25-30 | 0-160 
34,78 \Overhead| 3 | 25-30 | 0-160 
5,6 | Flat £° | 30-35 | 225-375 


AWS. E-60/2 
DC. Straight Polarity 
Machined Croove 


he \-Flat \ & | 22-25 \90-200 
3,4,7,8\Overhead| &° | 22-25 | 10-160 
56 \ Alot \ # \2a2a 275-500 


Specimen Number Cl, Cé, Of ME (GS, GOp Cl EC, (OF 


A.W.S. E-60/3 
A.C. 25 Cycles 
Gas Cur 


=i I 


if Ta | 
/ Filge | Be 200 
Others| Overbead, & | 22 /80 
Others| Flat Biol Mee: 240 


Specimen Number : 04-/,09-2, 04-3, 05-1, 05-2, 05-3, D671, D6-2, DO-3 


A.W.S. E-60/0 BOE 
D.C Reversed Polarity D65 
Machined Groove 


F Bay iP 
1,2 | vertica/|\ 3 aor /10-160 


| 3708 | Vertical | #8 | 27-32 | 110-150 


DS-1, 08-2, 0§-3, 06-1, 06-2, 06-3 same 
as above except al/ passes have weld- 


lag current of 1/0-(60 amperes. 
S| ES 


Specimen Number : E4-/, £4-2,£4-3, ES-/, E5-2, E53, E61, E62, E63 


A.W.S. E-60/2 
QC. Straight Polarity 
Machitied Groove 


/t08 | Vertical| &" | 21-28 | 110-170 


Speciinerr Nurznver 


Fl, Fé, F3, F4, FS, Fb, F?, 8, F9 


A.W.S. E-60/3 
A.C. 5 Cycles 
Gas Cur 


iene Poe ae ee 


Vertica/ 
Vertical 


F3, F-6,8 FI as akhove, exceor: 
4 |\Vertical| $° | 23 170 


Fic. 50. Weipina Procepure. CoMMeErRcIAL Burr WELDS IN 7%-IN. 
CarBON-STEEL Puates. Sertes A, B, C, D, E, ann F 


AWS. E-6030 
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Pass Ia eCT: Current 
Welds PEsttiOn'” 6-5 2 Voltage Amperes 
Specter, NMutiber : G4-1, 64-2, 64-3; CE, G5-2, GE-3j G6-l, G6-2, G6-3 
) 
Flat—A.WS. E-6030 
Overhead — 
A.W.S. E-60/0 
QC. Reversed Polarity 
Machined Groove 9 


A.W.S. E-60/0 
QC. Reversed Folarity 
Wactived Groove 


1,2 | Flar | 2” | 28-32 
3108 | Flat | #° | 35-40 | 250-300 


C8-S2 
35-40 | 250-300 


AW.S. E-6020 
QC. Straight Polarr’y 
Vachined Groove 


Flat 2” |/1i.30 | 140-350 
Flat | 3” | 30-35 


142 | Flat 2” |\Min. 30 | 50-250 
3108| Flat #” | 30-35 | 250-400 


Fic. 51. Wervpina Procepurre. CommeErciAL Butt WELDS IN 
%-1IN. CARBON-STEEL Puates. Series G, 8, T, ann U 


DC.Stralglt Polarr?y 
VMachirred Groove 
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TABLE 26 


Faricue SrRENGTH or ComMERCIAL Burr WELDS IN 14-IN. CARBON-STEEL 
PuLates WELDED IN FLAT POSITION 
Symmetrical Double V Groove 


Fatigue Strength in 
Number of | 1000’s of lb. per sq. in. | Location 
Specime : Stress, ‘S, in°1000’s Cycles for of 
Ns " | Electrode of lb. per sq. in. Failure, NV, Fatigue 
in 1000's n= n= Cracks* 
100 000 2 000 000 
S5-1 E6010 0 to 25.0 212.0 27.6 1,2 
$5-2 0 to 25.0 443.1 30.3 ea 
85-3 0 to 25.0 1089.2 34.1 12 
Av 581.5 30.7 
S6-1 +20.0 to —20.0 225.9 22).2 2 
$6-2 +20.0 to —20.0 238.4 22.4 2 
86-3 +20.0 to —20.0 85.3 19.6 2,3 
Av 183.2 21.4 
S4-1 +16.0 to —16.0 613.0 NG 7 Ds 
S4-2 +16.0 to —16.0 733.9 14.0 2 
$4-3 +16.0 to —16.0 805.8 14.2 2) 
Av. 717.6 14.0 
T6-1 E6020 0 to 25.0t 680.5 32).1 a P53 
T6-2 0 to 25.0 394.8 29.9 1 
T6-3 0 to 25.0 1055.6 34.0 250) 
Ay. 710.3 32.0) 
T5-1 +20.0 to —20.0 T5207, Lean 3 
T5-2 +20.0 to —20.0 188.1 PN. 2 
T5-3 +20.0 to —20.0 305.1 23.1 1 
Av 215.3 22.0 
T4-1 +16.0 to —16.0 1059.4 14.7 2 
T4-2 +16.0 to —16.0 440.2 ey 2 
T4-3 +16.0 to —16.0 360.7 12.8 2,3 
Av 620.1 1355 
U4-1 E6030 0 to 25.0 161.8 26.6 A, 
U4-2 0 to 25.0 178.2 27.0 D 
U4-3 0 to 25.0 244.7 2300 2,3 
Av 194.9 QT2 
U6-1 0 to 20.0 4354.4 20.0+ 2 
U6-2 0 to 20.0 7908.1+ 20.0+ (tT) 
U6-3 0 to 20.0 1548.3 19.3 
Av 4603.6 19.84 
U5-1 +16.0 to —16.0 955.2 14.5 34, 33 
U5-2 +16.0 to —16.0 470.0 13.3 4 
U5-3 +16.0 to —16.0 452.0 132, 2 
Ay. 625.7 13.7, 
*See Fig. 4. 


+Did not fail. 


The results of the tests, given in detail in Tables 26 to 29, inclusive, 
are summarized in Table 30. The first part of the table contains 
values of the fatigue strength corresponding to failure at 100 000 
cycles and the second part contains values corresponding to failure at 
2 000 000 cycles. The upper half of each part contains the average 
values for a group of identical tests and the lower half contains the 
minimum value for an individual test of the corresponding group. 
There are two lines for each category; the upper lines contain values 
of the fatigue strength in thousands of pounds per square inch, and 
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TABLE 27 


FatiGuE STRENGTH OF ComMMeRcIAL Burr WELps In 7-1N. CaRBON-STEEL 
Puates WELDED IN VERTICAL PosrTION 
Symmetrical Double V Groove 
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Fatigue Strength in 
J Number of | 1000’s of lb. per sq. in. | Location 
Specimen Blectrode Stress, S, in 1000’s Cycles for of 
No. of lb. per sq. in. Failure, N, | Fatigue 
in 1000’s we = | Cracks* 
100 000 2 000 000 
D5-1 E6010 0 to 25.0 353 .0 29.5 3 
D5-2 0 to 25.0 198.1 27.3 2,3 
D5-3 0 to 25.0 164.7 26.7 2 
Av. 238.6 27.8 
D6-1 0 to 20.0 1669.4 19.5 1 
D6-2 0 to 20.0 1365.9 19.0 2,3 
D6-3 0 to 20.0 1691.2 19.5 2 
Av. 1575.5 19.3 
D4-1 +16.0 to —16.0 80.7 15.6 10.5 1 
D4-2 +16.0 to —16.0 246.0 18.1 12.2 yA) 
D4-3 +16.0 to —16.0 155.8 17.0 D5 iL 
Av. 160.8 16.9 11.4 
E4-1 E6012 0 to 30.0 83.4 29.3 2 
E4-2 0 to 30.0 136.7 31.2 2 
E4-3 0 to 30.0 83.0 29.3 it 
Av. 97.7 29.9 
E5-1 0 to 25.0 334.8 29.3 | L, 2 
E5-2 0 to 25.0 364.0 29.5 | iby 
E5-3 0 to 25.0 475.5 30.6 2 
Av. 391.4 29.8 
E6-1 0 to 20.0 724.8 17.5 2 
E6-2 0 to 20.0 910.6 18.1 2,.3 
E6-3 0 to 20.0 1265.7 18.8 3 
Av. 967 .0 18.1 
Fl E6013 0 to 25.0 525.6 30.9 21.0 2,3 
F2 0 to 25.0 550.1 31.2 Prva! 2 
F3 0 to 25.0 802.2 32.8 22.2 Tne 
Av. 625.9 31.6 21.3 
F6 +20.0 to —20.0 161.5 lis a 
F7 +20.0 to —20.0 197.3 21.8 1 
F9 +20.0 to —20.0 160.1 21.3 al 
Av. 173.0 2455 
¥F4 +16.0 to —16.0 603.5 sw 2 
F5 +16.0 to —16.0 616.3 PSied 1 
F8 +16.0 to —16.0 504.4 13.4 1,2 
Av. 574.7 13.6 
*See Fig. 4. 


the lower lines contain the ratios of the average or the minimum 


values, as the case may be, to the average values for the corresponding 
groups of the basic series. The latter values, given in column 2 of 
the table, are the same as those used in the study of the X, Y, Z, XX, 


P, and R series of Tables 7 and 20. 


16. Metallurgical Studies—The metallurgical studies of specimens 
welded in various positions and with various electrodes included hard- 
ness surveys and an examination of macrostructures and microstruc- 


tures of the weld metal and the heat-affected zone. 


100 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 28 


Fatigue Srrencra or Commerciat Burr WELDS IN 7-IN. CARBON-STEEL 
Piares WeLDED IN Fiat Posrrion FrRoM ONE SIDE AND 
OvERHEAD Position FRoM OTHER SIDE 
Symmetrical Double V Groove 


Fatigue Strength in 1000's 
Sper: Ghetiay Abe of of lb. per sq. in. Loewy 
Specimen > : aa) Cycles for to) 
I No. Electrode 1000's of Ib; Failure, N, Fatigue 
per sq. in. in 1000’s We Ms Cracks* 
100 000 2 000 000 
A4-1 16010 0 to 30.0 521.2 37.2 2 
A4-2 0 to 30.0 254.6 33.9 2,3 
A4-3 0 to 30.0 447.8 36.5 1,2 
AV 407.9 35.9 
A6-1 0 to 25.0 399.3 29.9 2 
A6-2 0 to 25.0 278.4 28.6 1,2 
A6-3 0 to 25.0 558.4 31.3 1,2 
Av 412.0 29.9 
A5d-1 0 to 20.0 499.7 16.7 2 
A5-2 0 to 20.0 451.3 16.5 2 
A5-3 0 to 20.0 852.0 9 2 
Av. 601.0 ee) 
B4-1 16012 0 to 30.0 275.7 34.2 2 
B4-2 0 to 30.0 438.3 36.4 2 
B4-3 0 to 30.0 401.1 35.9 1 
Av. aU o7/ 35. 
B5-1 0 to 25.0 441.0 30.3 1,2 
B5-2 0 to 25.0 372.1 29.6 2 
B5-3 0 to 25.0 362.3 29.5 1,2 
Av. 391.8 29.8 
B6-1 0 to 20.0 2739.1 20.0+ 2 
B6-2 0 to 20.0 4543 .6 20.0 + 2,3 
B6-3 0 to 20.0 1611.2 19.4 2,3 
Av. 2964.6 20.0-+- 
C4 E6013 0 to 30.0 266.6 34.0 3 
C5 0 to 30.0 468.5 36.6 2,3 
C6 0 to 30.0 331.0 35.0 2,3 
Av 355.4 35.2 
Cl 0 to 25.0 781.0 32.7 22.1 1,2 
C2 0 to 25.0 1051.5 33.9 23.0 2 
C3 0 to 25.0 576.6 31.4 21.3 2 
Av 803.0 32.7 22.1 
C7 0 to 20.0 954.8 18.2 2 
C8 0 to 20.0 1882.4 19.8 2 
(ey!) 0 to 20.0 1530.7 19.3 2,3 
Av 1456.0 19.3 
*See Fig. 4. 


Hardness Tests 


Hardness surveys similar to those described in Section 5 were made 
on specimens that had been subjected to a fatigue test, either one or 
two specimens from each of the series A to G, inclusive. Similar hard- 
ness tests were made on an untested portion of the weld cut from the 
parent welded plate from which the specimens for series 8, T, and U 
were cut. 

The hardness values obtained from these tests are given in Table 31. 
The minimum and maximum values reported are individual readings, 
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TABLE 29 


Fatigue STRENGTH OF ComMeErcIAL Burr WELDS IN 74-1IN. CARBON-STEEL 
Pirates WELDED IN Fuar Position From U Sipr anp OyerRHEAD 
Position From OrueEer Sipp 
Single U Groove 


Fatigue Strength in 
Speci- Number of 1000’s of lb. per sq. in. Location 
ae Blectrode Stress, S, in 1000's Cycles for of 
Te of lb. per sq. in. Failure, N, Fatigue 
in 1000’s n= n= Cracks* 
100 000 2 000 000 | 
G51 E6030 0 to 25.0 277.2 28.5 19.3 PA 33 
G5 2 For flat 0 to 25.0 120.2 25.6 17.3 2,3 
G5 3 position 0 to 25.0 659.6 32.0 DAL aCe} ie 
Av 30273 28.7 19.4 
G6 1 E6010 +20.0 to —20.0 132.2 20.7 7a 83 
G6 2 For +20.0 to —20.0 119.2 20.5 Poe 3) 
G6 3 overhead +20.0 to —20.0 68.0 19.0 2.3 
Av. position 106.5 20.1 
G41 +16.0 to —16.0 (UM 14.0 3 
G4 2 +16.0 to —16.0 1006.0 14.6 2 
G4 3 +16.0 to —16.0 345.3 12.7 2 
Av. 692.8 13.8 
*See Fig. 4. 


the average values represent the average ordinates of the hardness 
diagrams based on individual readings. The heat-affected zones of the 
specimens of the C and G series were hardened to a considerable ex- 
tent, the maximum hardness values being 301 and 280 Vickers for 
series C and G, respectively. The maximum hardness in the same 
region was slightly greater than 200 Vickers for the specimens of the 
A and E series and was less than 200 Vickers for the other series of 
this group. 

The high hardness number of 301 Vickers in specimen C9 resulted 
from the stringer beads that were placed in the overhead position. The 
hardness on the other side of this specimen, where the weld was made 
in the flat position with a *4,-in. electrode and 240 amperes, had a 
maximum value of less than 200 Vickers. The maximum hardness of 
280 Vickers in Specimen G43 was where the series-3 line of indents 
crossed the heat-affected zone resulting from the final root weld placed 
with a 34,-in. electrode and a low current. The maximum hardness 
on the other side of this specimen was less than 180 Vickers. 

The average hardness of the unaffected base metal, the total range 
for all specimens of the 10 series in the group, varied from 130 to 
155 Vickers. 

The highest individual hardness readings of the weld metal were 
on the specimens of the B and E series welded with the E6012 elec- 
trodes. The weld metal deposited with an E6013 electrode had a 
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Posrrions AND WitTH Various ELECTRODES 


TABLE 31 
Vickers HarpNress NUMBERS FOR SPECIMENS WELDED IN VARIOUS 


Heat- 
Unaffected Base Metal ae Weld Metal 
Specimen | gorieg Metal Electrode 
No. 4 
Maxi- Mini- Maxi- Maxi- Mini- 
mum mum Average) um mum mum Average 
A411 1 174 123 140 222 179 147 153 E6010 
2 162 163 153 155 
3 208 158 148 155 
Av. 154 
B43 1 168 129 142 198 196 161 177 £6012 
2 162 127 140 185 216 197 202 
3 147 130 142 187 172 158 166 
Av. 182 
B52 1 137 124 132 191 160 153 158 E6012 
2 149 117 132 177 irae 168 174 
3 135 122 130 188 167 155 163 
Av. 165 
C9 1 157 142 150 301 184 169 185 E6013 
2 158 122 138 184 188 179 182 
3 168 144 155 196 189 173 180 
Av. 182 
D51 1 140 124 132 177 146 140 143 E6010 
2 144 110 130 168 158 152 155 
3 141 132 137 197 153 137 144 
Av. 147 
E41 1 143 122 128 184 158 149 154 E6012 
iz 160 122 135 208 193 180 184 
6} 147 124 135 192 184 145 165 
Av. 168 
E62 1 143 122 130 204 184 160 168 E6012 
2 160 118 135 179 180 150 170 
3 163 125 140 PAL 161 158 159 
Av. 166 
F4 1 152 124 140 192 183 174 180 16013 
im 158 134 148 191 175 151 160 
3 145 117 130 184 168 144 162 
Av. 167 
G43 1 147 133 141 175 154 130 144 16030 
2 160 134 146 212 180 161 170 E6010 
3 157 142 152 280 183 170 177 
Av. 164 
Ss 1 140 127 135 192 166 145 155 £6010 
2 159 134 148 175 155 142 150 
3 142 127, 135 186 157 148 154 
Av. 153 
ik 1 136 123 130 168 151 142 146 E6020 
2 146 127 140 158 140 133 138 
3 140 130 134 180 160 143 155 
Av. 146 
i 1 145 134 140 189 153 144 150 E6030 
2 162 138 150 181 146 145 145 
3 148 126 145 195 143 140 142 
Av. 146 
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greater average hardness than the weld metal deposited with an E6010 
electrode. This was true for the © and A specimens both of which 
had symmetrical double V grooves welded in the flat position from 
one side and in the overhead position from the other side; it was also 
true for the F and D specimens, both of which had symmetrical 
double V grooves welded in the vertical position from both sides. The 
average hardness of the weld metal of specimens S, T, and U, all of 
which had symmetrical double V grooves welded in the flat position 
from both sides, decreased with the electrodes in the order E6010, 
E6020, and E6030. However, the range in the average hardnesses for 
a specimen was quite small, from 182 Vickers for B43 and C9 to 146 
Vickers for T and U. The maximum hardness in the weld metal was 
lower than the maximum hardness in the heat-affected zone for all 
specimens surveyed except B43. 


Microstructures 


The miscrostructure of the base metal and the weld metal was 
examined for all specimens used in the hardness surveys. The unaf- 
fected base metal appeared to have the same structure for all speci- 
mens. The size of the prior austenite grains of the heat-affected zone 
had a narrow range from the minimum in specimen F9 to the maximum 
in specimen B68, both of which are shown in Fig. 52. Except for minor 
differences in grain size, the microstructure was of similar character 
except for specimens C9 and G43. An acicular structure was found 
in the metal adjacent to the fusion line for these two specimens. 
However, the acicular structure, while of considerably higher hardness 
than the usual pearlitic structure, appeared to be of the character of 
bainite, which has considerable toughness, rather than of the character 
of martensite, which usually has low ductility. 

A survey of the weld metal deposited with different electrodes and 
in various positions showed no significant difference in the number 
or type of microscopic inclusions. However there were differences in 
the inclusions of macroscopic size, and there were differences between 
the size and length of the columnar grains and in the recrystallized 
grains of the weld metal, but these differences could have been due 
largely to the different welding procedures used. 


Welding Defects 


Undercutting, porosity, and slag inclusions of varied macroscopic 
size were usually associated with that part of the weld which had been 
placed in the overhead position for the specimens of the A, B, and C 
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Fic. 52. Microstructure or Hrat-Arrectep ZONE. SPECIMENS F°9 anp B63 


series. Evidences of undercutting, porosity, and the presence of slag 
inclusions were also found in the specimens of the D, E, and F series, 
which were welded in the vertical position. The E specimens were par- 
ticularly bad with respect to the number and extent of unfused areas 
and regions containing slag, especially in the two root beads on either 
side of the V. The appearance of the weld area of various specimens 
after etching with 50-50 HCl-water at 150 deg. F., is shown in Figs. 53 
and 54. Figure 53 shows specimens A42, B62, and C7 with the side of 
the weld placed in the flat position at the top and the portion welded in 
the overhead position at the bottom. The latter portion of the weld is 
easily recognized by the uneven, serrated contour produced on the 
surface of the weld. The slag inclusion and lack of penetration at the 
root of the weld of specimen E41 is shown in Fig. 54. 

The welds in the specimens of the 8, T, and U series were judged 
to be of highest quality with respect to general lack of defects, low 
amount of porosity, and general excellence of the weld microstruc- 
ture. The summary given in Table 30 shows that, in general, they had 
a high fatigue strength, although the U specimens tested for failure 
at 100 000 cycles were somewhat weaker than the others. 

The classification of failures shown in Table 32 indicates that most 
of the specimens discussed in this portion of the report, series A to G 
and 8, T, and U, failed in fatigue at the geometrical stress raiser at 
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TABLE 32 


Location or Faticue Fractures; SPECIMENS WELDED IN VARIOUS 
Positions AND Wirth Various ELEcTRODES 


109 


Number of 
oe: : Rumen Gt Number of |Failures Partly) Number of 
Specimen Group ate Ike Failures in Weld and Failures 
of Weld Through Weld Hovely at Gee in Plate 
AAS rer OOS Sa RES ees Pete 6 is 3 
Mie eet SER Ls ee ees i 6 1 2 =e 
Qo. G See: Seas eee ne ant “@ ma 1 1 
D od esa AG. S GG OPO LORE eRe Sana EERE A ENC IAT 5 2 1 il 
TS6DG 9 Cae Ube Hae sn ee ca come 5 1 2 i! 
£ eee eT ech ans Sun inate Rowse. cls acs 3 4 2 seaee 
4 SO TOI id TES OO DER Bec CPOE of ane 1 1 
Ze OSC NO OE IOCOS Pree RCo eT 6 Bae 3 eam 
1 0 EDIT Bice rE ORL SEROTEC mene 5 2 1 1 
oso dite Bio OREO CCG aE Eee 5 i 1 1 


the edge of the weld. The F specimens are the only exception. They 
were predominately weld metal failures. 

It is of interest to note that, of the D, E, and F series, the E 
specimens, which appeared to be most defective in the weld and scarf 
regions, are represented in Table 32 as having the least number of 
failures entirely through the weld. In contrast, the F specimens, which 
appeared to be of better quality than the E specimens, have the largest 
number of failures entirely through the weld. However, the F speci- 
mens had a higher fatigue strength than either the D or E specimens. 


17. Discussion of Results — 


Specimens Welded in Flat Position 


The results of the tests of the X, Y, and Z specimens, summarized 
in Table 7, and the results of tests of the XX, P, and R specimens, 
summarized in Table 20, all of which were welded in the flat position, 
have been included in this study. The results of the tests of the basic 
series, specimens with a single U groove and welded in the flat position 
with an E6010 electrode, are reported in column 2 of Table 30. A 
comparison of each of the commercial series with the basic series was 
made on the basis of the two relations, ratio of average values and 
ratio of minimum-to-average values of the fatigue strength.* 

A low ratio of average values indicates that the group as a whole 
had a low fatigue strength. A ratio of minimum-to-average consider- 
ably below the ratio of the average values indicates that the specimens 
of a group were erratic. The smallest value of the minimum-to-average 
‘atio for the basic series was 0.92. 


*See footnote, page 21. 
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TABLE 33 
Fatigue Srrencta or CommerciaL Burr WeLps; SMALLEST RaTIOS OF 
AveraGe VALUES AND oF MinimuM-To-AVERAGE VALUES 
Symmetrical double V grooves welded in flat position with various electrodes 


Seriesarues esas certetoner= oer steles S) aT U x XX 12 R 


Blectrodeatrsn.sternee eer a= £6010 | £6020 | £6030 | E6012 | E6012 | E6010 | E6030 


Smallest ratio of average values..| 0.93 0.94 0.82 0.88 0.89 0.82 0.82 


Smallest ratio of minimum-to- Z 
average values.......-.-.---| 0:83 0.89 0.80 0.83 0.85 OR 0.74 


The smallest values of the two ratios for the Y series, the only com- 
mercial welds with a single U groove welded in the flat position, were 
0.95 and 0.83 for the average and minimum-to-average ratios, respec- 
tively. The corresponding values for the specimens with symmetrical 
double V grooves welded in the flat position are given in Table 33. 
There were only 9 specimens each for series 8, T, and U, and 15 speci- 
mens each for the other series. There is a possibility that a larger 
number of tests of the S, T, and U series would have resulted in 
smaller minima values, but the low values usually occurred for tests 
on a cycle in which the stress was reversed, and for which the fatigue 
strength was based on failure at 2 000 000 cycles. The S, T, and U 
series each included as many tests of this category as the other series. 

The two low ratios of minimum-to-average values are 0.77 and 0.74 
for series P and R, welded with E6010 and E6030 electrodes, respec- 
tively. The S and U series were welded with E6010 and E6030 elec- 
trodes, respectively, and, for these, the ratios of minimum-to-average 
values were 0.83 and 0.80. It would seem, therefore, that the difference 
was probably due to the operator rather than to the electrodes. Series 
S, T, U, X, and XX had no minimum-to-average ratio less than 0.80 
but series U had a relatively low ratio of average values, 0.82, for one 
group, indicating that the fatigue strength of the specimens of this 
series was consistent but uniformly low. Series T and XX had a com- 
bination of high average values and no low individual values, indi- 
cating consistent and uniformly high fatigue strengths for these series. 


Specimens Welded in Vertical Position 


The specimens of series D, E, and F were welded in the vertical 
position. All had symmetrical double V grooves. The smallest ratios of 
average values and of minimum-to-average values for each series are 
given in Table 34. It is of interest to note that both the ratio of 
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TABLE 34 


FatTiGguE STRENGTH OF COMMERCIAL Burr We tps; SMauLest Ratios oF 
AVERAGE VALUES AND oF MINIMUM-TO- AVERAGE VALUES 
Symmetrical double V grooves welded in vertical position with various electrodes 


SIDES sicker cea RENEE as gC ee D E F 

ECELOG Gs epee LI. G8 ie Re ates aa ele E6010 E6012 E6013 
Smallest ratio of average values.................. 0.76 0.80 0.94 
Smallest ratio of minimum-to-average values...... 0.70 0.78 0.93 


average values and ratio of minimum-to-average values were least for 
the D series, E6010 electrode, and were the greatest for the F series, 
E6013 electrode. The specimens of the F series had a consistently 
high fatigue strength. The specimens of the E series, which had a 
fair fatigue strength, had a large amount of slag inclusion in the weld, 
as indicated by the radiographs, the side-bend tests and by the fatigue 
fractures. 


Specimens Welded in Flat Position From One Side and in 
Overhead Position From Other Side 


The A, B, C, and G specimens were welded in the flat position 
from one side and in the overhead position from the other side. The 
A, B, and C series had symmetrical double V grooves and the G series 
had a single U groove. The smallest ratio of average values and of 
minimum-to-average values for each series is given in Table 35. The 
B and C series had the most consistently high fatigue strength and 
the A series the most consistently low fatigue strength. 


TABLE 35 


Faticur Srrenata or CommerciaL Burr WeELps; SMALLEST RATIOS OF 
AVERAGE VALUES AND OF MiInIMUM-TO-AVERAGE VALUES 
Specimens welded in flat position from one side and overhead position from other side 


SESE AG Oe i ee BO an eee een A* B* ce Gt 
ees U 
ide, E6010 
BTEC EEO OSES Maton nodes Bai naa states: E6010 E6012 E6013 heckartoed 
position 
&mallest ratio of average values..........-. 0.76 0.89 0.92 0.86 
Smallest ratio of minimum-to-average values 0.73 0.82 0.81 0.77 


*Symmetrical double V groov 
+Single U groove, U side eica in flat position, other side welded in overhead position. 
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18. Summary—Because of the erratic character of the fatigue 
strength of butt welds in plates, no final conclusions can be drawn 
from the limited number of tests that have been made. Instead, only 
the general relations between the average and minimum values ob- 
tained in these tests will be noted. These relations, as determined from 
the data in Tables 33, 34, and 35, are as follows: 

(1) The specimens welded in the flat position from both sides and 
those welded in the flat position on one side and in the overhead 
position from the other side, had approximately the same fatigue 
strength, as indicated by the ratios of average values and by the ratios 
of minimum-to-average values given in the following tabulation, only 
specimens with symmetrical double V grooves being included. The 
average and minimum values were not quite as great for the specimens 
welded in the vertical position as they were for those welded in the 
other two positions. However, one series welded in the vertical po- 
sition, series F, was as strong as the strongest of the series welded in 
the flat position. 


Position 
Flat on One 
; Side and 
Flat Vertical 
. ace Overhead on 
8 Series 3 Series Other Side 
3 Series 
Average ratio of averages.............. 0.94 0.88 0.93 
Average ratio of minimum-to-average.. . 0.88 0.85 0.85 
Smallest ratio of minimum-to-average. .. 0.73 0.70 ORS 


(2) The values of the fatigue strength of the welds made with 
various electrodes were as follows: 


Electrode 


E6010 | E6012 | E6013 | E6020 | E6030 
4 Series | 4 Series | 2 Series | 1 Series | 2 Series 


Average ratio of averages......... 0.89 0.96 0.96 0.97 0.91 


Average ratio of minimum-to-aver- 
AD Cmetecaitieg autocad Ree EE eae een 0.82 0.90 0.92 0.91 0.85 


Age nile. da etal ae 0270. | £0.78... 0.812) 2 0rsonsmOers 
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The fact that the values of the fatigue strength, both average 
and minimum, are highest for the E6013 and E6020 electrodes, should 
be discounted somewhat by the fact that the tests include only two 
series welded by the former and only one series welded by the latter. 
A larger number of tests might have shown some lower values for the 
fatigue strength of welds made with these electrodes. 

(3) It is probable that the difference in the fatigue strength was 
due as much to the difference in operator skill as to the difference in 
electrodes, or to the position in which the weld was made. 


V. Fretp WELps 
Serres M anp N; Group 4 


19. Description of Specimens.—All of the specimens used in the 
tests described in Chapters II, III, and IV were welded in the shop. 
The specimens used in the tests described in this chapter were welded 
in the field. The dimensions of the specimens with field welds were the 
same as those with shop welds, and the plates were furnished by the 
Fatigue Committee, and were from the same heat as the plates for the 
specimens described in Chapters III and IV. Fourteen specimens were 
welded by each of two contractors. The series were designated as 
M and N. The plates for all specimens were in the vertical position 
when the welds were made. Specimens M-V1 to M-V7 and N-V1 to 
N-V7 were welded as vertical seams; specimens M-H1 to M-H7 and 
N-H1 to N-H7 were welded as horizontal seams. It was specified that 
the welds were to be made by qualified welders and were to comply 
with the other provisions of the A.W.S. 1941 Specifications for Welded 
Highway and Railway Bridges, but no inspector other than a regular 
employee of the contractor was provided. Each contractor was allowed 
to select the electrode and to use his own welding procedure. 

All specimens were tested in the as-welded condition. 


M Series 


The plates for the M series were machined to form a double V 
butt-weld type of groove, as shown by the broken lines of Fig. 55. The 
plates were spaced and held in position by tack welding a bar across 
each end of the welding groove. No tack welds were put in the groove. 

The first pass for the specimens with a horizontal seam was de- 
posited by moving the are back and forth on a horizontal line, and 
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TABLE 36 


WELDING PRroceDURE; Firtp WELDS 
N Series. All welds made with E6010 Electrode 


Specimen Electrode Number Welded 
Size, of A 1 elded by 

No. in. Passes ae oe Operator 

Horizontal Seams 

INisi8 Eth tees eee eae 32 8 175 32 A 

INI Bs ei el ene eo ee 582 8 150 30 A 

INSEL S oe pleprcsaN ste ie cterere ae parece 3 32 8 175 Sy B 

IN |FLE Ub tee i a ne 542 10 175 32 Cc 

NZIS ia OS aE Re eee ee ae 6 6 190 52 D 

N-H6 PA toe Ws Eats Pegs) c vocent iss sis, 30208 346 14 190 50 E 

INILE EY Sc ge Oe cack SE eee 542 13 120 27 F 

Vertical Seams 

N-V1 AO COCO E ocneee dies nae 549 4 150 30 C 

NEVO Breve haa nist nays terse ste ave 346 4 180 50 D 

INE S332. 5 Siorrco cee eee eee He 12 180 48 E 

INAS ce ee CeCe aE 52 4 150 30 A 

INENV ESE & Serpe eee nee ae en ee 942 4 175 32 A 

NAVIES to eRe ea ee 542 4 150 30 B 

INEM o Ob GREER Ieee 542 6 130 25 G 


the remaining passes were deposited by moving the arc on a horizontal 
line in one direction, thus forming stringer beads. 

After each pass, the slag was removed by peening lightly with an 
air hammer and hand-brushing with a wire brush. Any visible defects 
were chipped out with a round-nosed chisel. The root was chipped 
to sound metal before welding on the second side. This chipping 
procedure was done for both the H and the V specimens. 

The temperature of the plate adjacent to the groove and midway 
between the ends was taken with an Alnor Pyrocon Pyrometer before 
each bead was deposited. The temperatures for specimens M-V1 and 
M-H1, which are typical for the M-H and M-V specimens, are given 
in Fig. 55. 

The first pass for the specimens with a vertical seam was deposited 
by moving the arc up and down a vertical line, puddling the metal at 
the bottom and progressively advancing upward. The remaining uphill 
and downhill layers of weld metal were deposited by weaving the arc 
from side to side without back stepping. 

Seven operators participated in the welding. Each one welded one 
vertical and one horizontal seam. One operator welded M-V1 and 


-M-H1, another welded M-V2 and M-H2, etc. All operators used much 


the same technique but the number of beads used by each varied 
somewhat. 
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TABLE 37 


Fatigue Srrencta or CommerciaL Butr WELDS IN 7%-IN. CARBON-STEEL 
Piares WELDED IN Frevp; VERTICAL SEAMS 


Fatigue 
Strength, F, 
_ Stress, S, Number of in 1000’s of lb. Thoeation 
Specimen in 1000’s of Ib. Cycles for per sq. in. of Fatigue 
No. per sq. in. > Failure, N, Cracks* 
in 1000’s SSS SSE 
n = 2 000 000 
M Series 
M-V5 0 to +20.0 1009.8 18.3 2 
M-V6 0 to +20.0 1356.8 19.0 2 
M-V7 0 to +20.0 1161.0 18.6 2 
Av. 18.6 
M-V1 +16.0 to —16.0 338.9 12.7 PA) 
M-V2 +16.0 to —16.0 498.7 13.4 2,3 
M-V3 +16.0 to —16.0 1209.5 15.0 Pane 
M-V4 +20.0 to —20.0 142.2 14.2 3 
Av. 13.8 
N Series 

N-V1 0 to +20.0 175.8*¢ 14.6 1 
N-V2 0 to +20.0 215.1 15.0 1 
N-V3 0 to +20.0 464.1 16.6 1 
Av, 15.4 

N-V4 +16.0 to —16.0 36.1 9.5 1s? 
N-V5 +16.0 to —16.0 59.5 10.1 1 
N-V6 +16.0 to —16.0 28.0 9.2 1 
N-V7 +16.0 to —16.0 133.0 11.3 12 
Av. 10.3 


*See Fig. 4. 
+See text and footnote, page 118. 


N Series 


The plates for the N series were machined to form a double V 
butt-weld type of groove similar to the groove for the plates of the M 
series shown in Fig. 55. The welding procedure is given in Table 36. 
Six operators participated in the welding, each operator welded one 
horizontal and one vertical seam except operator A, who welded two 
horizontal and two vertical seams. 


20. Results of Tests——The results of the individual tests are shown 
in Tables 37 and 38 for horizontal and vertical seams, respectively. 
Since only a few specimens were available, all specimens, except M-V4 
and M-H4, were tested on a cycle in which the stress varied from 
0 to 20 000 lb. per sq. in. tension, or from 16 000 lb. per sq. in. tension 
to an equal compression, stress cycles which good welds should have 
resisted for at least 1 000 000 repetitions. They were planned to give 
the fatigue strength for failure at 2 000 000 cycles. The fatigue 
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TABLE 38 


Fatigue STRENGTH OF ComMeEeRcIAL Burr WELDS IN 7-1IN. CARBON-STEEL 
Puates WELDED IN Fretp; Horizonrat Spams 


; 
« Batic 
Strength, F, 
: Stress, S, Number of in 1000’s of lb. Location 
Nias in 1000's of Ib. Re per sq. in, of Fatizue 
per sq. in. in 1000’s Cracks 
n = 2 000 000 
M Series 
M-H5 0 to +20.0 1064.8 18.4 2 
M-H6 0 to +20.0 1317.6 18.9 223 
M-H7 0 to +20.0 1027.8 18.3 2 
Av. 18.5 
M-H1 +16.0 to —16.0 405.8 13.0 2 
M-H2 +16.0 to —16.0 238.8 121 2 
M-H3 +16.0 to —16.0 401.9 13.0 2 
M-H4 +20.0 to —20.0 148.6 14.3 Po 
Av. Sioa! 
N Series 
N-H1 0 to +20.0 802.6 17.8 12 
N-H2 0 to +20.0 1159.5 18.6 il 
N-H3 0 to +20.0 238.7 Loe 1 
Ay. 17.2 
N-H4 +16.0 to —16.0 113.0 LSS 1, 2 
N-H5 +16.0 to —16.0 93.4 10.9 1 
N-H6 +16.0 to —16.0 165.3 115 2 
N-H7 +16.0 to —16.0 357.9 12.8 ee, 
Av. 11.6 
*See Fig. 4. 


strength for failure at 2 000 000 cycles was computed from the actual 
stress and the actual number of cycles for failure by use of the 
empirical equation F = S (N/n)°18. Some specimens failed at a low 
number of cycles, and the ratio of (N/n) for these differed greatly 
from unity, and the computed values of F's 000 000 may be seriously in 
error. However, the stress cycles were the same as those used for the 
corresponding specimens of the basic series and the relative fatigue 
strengths can be estimated by inspection from the actual number of 
cycles for failure. 

The results of the tests, given in detail in Tables 37 and 38, are 
summarized in Table 39. The upper part of the table gives average 
values and the lower part gives minimum values for each of the sev- 
eral groups of tests. The upper of two lines gives the fatigue strength 
and the lower line gives the ratio of average values or the ratio of 
minimum-to-average values for the various groups, as the case may be. 

The values given in Table 39 indicate that the specimens welded 
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TABLE 39 
Faricue Srrencta or CommerciaL Burr WELDs IN -IN. CARBON-STEEL 
Priates WELDED IN Fretp; SumMary or REsuvtTs 


Each average is the average of either 3 or 4 tests and each minimum is the minimum of either 
3 or 4 tests. 


Fatigue Strength, lb. per sq. in. m = 2 000 000 


Stress Vertical Seams Horizontal Seams 
Cycle Basi 
asic 
Series 
M Series N Series M Series N Series 
Average Values 
Zero to 22 500 18 600 15 400 18 500 17 200 
tension 1.00 0.83 0.69 0.82 Oeia 
Tension to 14 400 13 800 9 500 13 100 11 200 
equal compression 1.00 0.96 0.66 0.91 0.78 
Minimum Values 
Zero to 22 100 18 300 14 600 18 300 15 100 
tension 0.98 0.81 0.65 0.81 0.67 
Tension to 13 300 12 700 9 200 12 100 10 900 
equal compression 0.92 0.88 0.64 0.84 0.76 


See note at bottom of Table 7, page 21. 


in the field by fabricator M were fully as strong as similar commercial 
butt welds welded in the shop by various fabricators. This statement 
applies to both the horizontal and the vertical seams. 

The specimens of the N series had a very low fatigue strength as 
indicated by the average and minimum values given in Tables 37 and 
38. This was true for both the horizontal and the vertical seams. The 
specimen N-V1 had a fatigue strength equal to 0.65 of the average 
fatigue strength of the corresponding group of the basic series.* That 
specimen N-V1 contained a very poor weld is evident from the char- 
acter of the fracture shown in Fig. 56. The lack of fusion of the base 


plate shown in this figure is typical of the fractures of many of the N 
specimens. 


*Unfortunately the exact number of cycles for failure is not known for specimen N-V1. The 
specimen failed at night when there was no attendant with the machine and the automatic cut-off 
switch failed to work. In the morning the specimen was broken and the machine was still running. 
The number of cycles at the evening reading before there were any visible indications of impend- 
ing failure was 60 000. The number of cycles in the morning was 225 000 and the fracture was 
battered, indicating that the machine had run some time after failure. The fatigue strength of 
specimen N-V1 used in Tables 37 and 39 is based on the assumption that failure occurred at 
175 800 cycles. If failure occurred at 60 000 cycles, F200 000 would be 12.1 instead of 14.6 as given 
in Table 37, and if failure occurred at 225 000 cycles, F200 000 would be 15.2. In the former case, 
the average value of F2 000 000 for N-V1, N-V2, and N-V3 would have been 14.6, and in the latter 
case it would have been 15.2, instead of an average value of 15.4, given in Tables 37 and 39. The 
conclusions to be drawn from the tests would not therefore have been significantly affected if 
failure for this one specimen had occurred anywhere between 60 000 and 225 000 cycles. If, how- 


ever, failure had occurred at 60 000 cycles, the smallest value of the ratio of minimum-to-average 
values for the series would have been reduced from 0.64 to 0.54. 
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Fig. 56. Fatigue FRActURE oF SPECIMEN N-V1 


Side-bend test specimens were cut from the part of the weld 
adjacent to the fatigue specimen, as shown in Fig. 40. Ten of the 12 
side-bend specimens of the N series not only failed to pass the test but 
actually broke. The other two, N-V3 and N-H6, passed the test. Of 
these two, the fatigue strength was high for N-V38, but only fair for 
N-H6. Only three M specimens were subjected to the side-bend test, 
specimens M-V1, M-V2, and M-V4. These were the weakest specimens 
of the M series welded in the vertical position. The first two passed 
the side-bend test but the third one was a border-line case. 

Static tension specimens of the type shown in Fig. 43 were cut 
from near the fatigue specimens, as shown in Fig. 40, for 12 of the 
N fatigue specimens. Two of these failed in the plate and ten failed 
in the weld. The two that failed in the plate were the two that passed 
the side-bend test. 

The field welds were to have been made in accordance with the 
American Welding Society’s 1941 Specifications for Welded Highway 
and Railway Bridges. Article 605 (f) of the specifications limits the 
thickness of a single layer of weld metal to in. except for the throat 
layer, which may not exceed 14 in. On this basis, it would not be 
permissible to make a butt weld in 7%-in. material in fewer than seven 


layers. 
The report of the fabricator of the N specimens, Table 36, showed 
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TABLE 40 
Vickers HarpNness NUMBERS FOR SPECIMENS WELDED IN FIELD 
Heat- 
T Unaffected Base Metal piteeted Weld Metal 
‘em- 
Specimen pera- Saree Metal 
No. ture tag 
deg. F. : a Ae oe 
Maxi- Mini- axi- axi- ini- 
mum mum |“VYerage| mum mum mum | verage 
M-H2 1 152 120 138 224 178 152 166 
Untested 2 151 115 130 169 156 141 150 
3 183 131 154 233 lee 158 169 
Av. 162 
M-H2 after 46 1 154 130 140 247 192 151 160 
fatigue test 2 158 122 140 193 179 142 155 
3 (175) 120 140 233 173 154 164 
Av. 160 
M-H3 46 1 152 127 140 291 177 150 158 
2 158 122 138 215 181 160 168 
3 146 122 140 246 196 152 164 
Av. 163 
M-H5 30 1 158 122 110 301 183 167 172 
2 161 118 138 175 175 168 172 
3 175 127 148 285 199 Lz, 186 
Av. 177 
M-H6 10 1 156 120 140 281 180 157 168 
2, 155 211 186 176 171 
3 151 235 176 151 162 
Av. 167 
M-V3 40 1 142 125 132 210 167 158 162 
2 147 131 140 183 155 135 142 
3 145 128 138 202 176 161 168 
Av. 157 
M-V6 10 1 147 129 138 204 167 162 166 
2 145 163 160 152 167 
3 147 204 165 151 161 
Av. 165 
N-H4 1 154 120 136 227 208 167 184 
2 172 
3 160 201 180 160 173 
Av. 179 
N-H6 1 157 120 138 199 165 151 159 
2 150 187 148 145 148 
3 144 216 180 158 Tal 
Av. 166 
N-V3 1 139 122 131 176 160 134 146 
2 144 180 153 145 149 
3 142 176 150 138 146 
Av. 147 


that, of the 14 specimens, five were welded in 4 layers, two in 6 layers, 
three in 8 layers, and one each was welded in 10, 12, 13, and 14 layers. 
Apparently only seven of the welds were made in accordance with the 
specifications. Of these seven, only one, N-H38, had a fatigue strength 
less than 0.74 of the average fatigue strength of the corresponding 
group of the basic series. This ratio is in line with the smallest ratios 
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for the commercial shop-welded specimens welded in the flat position. 
It was in general the specimens welded in few layers, and in violation 
of the specifications, that had the lowest fatigue strength. However, 
the fatigue fracture of many specimens showed a definite lack of 
fusion at the root that is associated with a low fatigue strength. 

As explained in the previous paragraphs, the welding procedure, 
the lack of penetration at the root of the weld, and the failure of the 
side-bend and tension static tests to pass the specification require- 
ments, all indicate not only that most of the specimens of the N series 
did not comply with the specifications, but that the violation of the 
specifications was so flagrant that it should have been detected by an 
alert inspector or welding superintendent. 


21. Metallurgical Studies — 
Hardness Tests 


A hardness survey was made on four fatigue specimens of the M-H 
series, on two each of the M-V and N-H series and on one of the 
specimens of the N-V series. Hardness tests were also made on an 
untested portion of the weld taken from a location adjacent to the 
M-H2 specimen. The location of the indents for series 1, 2, and 3 
were the same as for the X, Y, and Z series described in Section 5. 

A summary of the hardness values is given in Table 40. The values 
for the (fatigue) tested and untested M-H2 specimens are given at the 
top of the table. There was only fair agreement between the two sets 
of values, the tested specimen having a slightly higher maximum 
hardness than the untested specimen both in the heat-affected base 
metal and in the weld metal. Specimens M-H3 and M-H5 had the 
highest maximum hardness values both in the heat-affected base metal 
and in the weld metal of any specimen of the M series. This is sur- 
prising in view of the fact that the ambient temperature during weld- 
ing, given in Fig. 55a, was considerably lower for specimen M-H6 
than it was for either M-H83 or M-H65. 

The M-H6 and M-V6 specimens did not have exceptionally high 
hardness values in either the heat-affected base metal or in the weld 
metal even though the ambient temperature during welding was low, 
10 deg. F. 

The N-H4 and N-H6 specimens were slightly harder in the heat- 
affected zone than any of the M-V specimens, and the high hardness 
of 208 Vickers in series 1 of the weld metal of specimen N-H4 is the 
maximum value for the weld metal in either the M or the N series. 
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Fig. 57. MicrocraruH or Specimen M-H5 


Microstructure and Fractures 


There was evidence of an acicular microstructure in portions of the 
heat-affected base metal of specimens M-H3, M-H5, and M-H6 in 
regions where the hardness values were of the order of 300 Vickers. 
Two such regions in specimen M-H5 are shown in Fig. 57. The large 
grains with an acicular core are outlined with fine pearlite of nodular 
structure. Both micrographs show fissures which bridge the fusion 
line, and which are believed to have been caused by stresses due to 
the contraction of the weld. The Vickers indents in these regions 
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MH2 


MV3 


Fic. 58. Typican MacrocraPHs OF THE 
M-H anno M-V Specimens 


caused cracking along the acicular structure in the grain core, thus 
indicating a low order of ductility. 

The specimens of the M-H series generally exhibited a greater 
variation in the microstructure and in the hardness of the heat-affected 
zone and weld metal over the cross sections of the specimen than did 
the specimens of the M-V series. This difference is attributed mainly 
to the difference in the welding procedure for the two kinds of welds. 
This is evident from an inspection of the macrographs of representa- 
tive specimens, M-H2 and M-V3, of Fig. 58. A number of small 
stringer beads were used to complete the weld on each side for the 
M-H2 specimen. The middle bead on each side reheated the bead 
deposited along the scarf and the previously heat-affected base metal, 
and the last bead reheated the middle bead but produced a high hard- 
ness in the heat-affected base metal. As a result, the M-H welds had 
an unsymmetrical hardness contour for the series 1 and series 3 sur- 
veys, but the M-V welds had the usual symmetrical contour, due to 
the large size of the final layer on either side of the specimen. 

Typical fractures of the N-H and N-V specimens are shown in 
Fig. 59. The fracture usually started at the root, where there was a 
_lack of fusion, spread into the weld, and emerged at the surface either 
in the weld area or at the edge of the reinforcement, as shown for 
N-H2, N-H4, N-V3, and N-V4. Where good root penetration was 
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TABLE 41 
Location oF FRACTURES IN SPECIMENS WELDED IN FIELD 
Number of 
; nce Dee ot Failures Partly] Number of 
Specimen Group in Weld and Failures 
at Edge Through Partita in Pl 
of Weld Weld artly at ge in Plate 
of Weld 
INGEST. 2 Sin, oe eee eee en 7 
EEN ec oct A ey ee eee ae 6 1 
INGLE. 2 Ses nen eee Oe a 1 2, 4 
NEWS 9.66) CRO eaten RE eae 5 2 


attained, fracture occurred in the base plate, as shown in Fig. 59 for 
specimen N-H6. 

The classification of fractures, given in Table 41, shows that 13 of 
the 14 M specimens failed at the edge of the reinforcement; the other 
one failed in the plate away from the weld. Failure at the edge of the 
reinforcement could be due either to good welds with a high fatigue 
strength or to a poor reinforcement contour that caused a high stress 
concentration at the edge of the reinforcement. The values of the 
fatigue strength, summarized in Table 39, indicates that the former 
relation prevailed. Only one of the N specimens, N-H6, broke entirely 
at the edge of the weld. For the others, the fracture was either entirely 
within the weld or partly in the weld and partly along the edge of the 
reinforcement. The fractures of practically all N specimens showed 
a complete lack of fusion at the root, which is an adequate explana- 
tion of the low fatigue strength of these specimens. 


VI. Specimens WeELDED WitH AUTOMATIC WELDERS 
Serres K anp L; Groups 5 AND 6 


22. Description of Specimens—The specimens described in pre- 
vious chapters were all welded with manually-operated metallic arcs. 
The specimens used in the tests described in this chapter were welded 
with automatic welders. Two processes were used, the Carbon-Arc 
and the Unionmelt. The tests are designated herein as the K and L 
series, respectively. The dimensions were the same for the auto- 
matically-welded as for the manually-welded specimens. The plates 
were furnished by the Fatigue Committee, and were from the same 
‘heat as the plates for the specimens described in the previous chapters. 
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(a) Welding Procedure 


Filler 


220 
220 


Approx Av Joint 790 Arqzperes, 58 Volts 


() Grirding Off Reirftorcermert 


As Welded Ground with Portable Grinder 


ed eS 


Fic. 60. Wriprne Procepure. Series K 


The welding procedures for the K and L series are given in Figs. 60 
and 61, respectively. 

All specimens were tested in the as-welded condition except speci- 
mens A8, A9, BY, and C2 of the K series. The reinforcement for the 
latter was ground off so as to eliminate the abrupt change in section 
at the edge of the weld, as shown in Fig. 60b. 


23. Results of Tests—The results of the individual tests are shown 
in Tables 42 and 43, and a summary of the results is given in Table 
44. The fatigue strength for failure at 100 000 and 2 000 000 cycles 
was computed from the actual stress and actual number of cycles for 
failure by use of the empirical equation F = S (N/n)°™. 

For the L series, the average values of the fatigue strength were 
fairly high, and the tests were fairly consistent, the minimum ratios of 
average values* and of minimum-to-average values being 0.86 and 


*See footnote, page 21. 
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TABLE 42 


Fatigue STRENGTH OF AUTOMATICALLY-WELDED Burr WELDS IN 
74-IN. CARBON-STEEL PLATES 


K Series 
3 Number Hasieue Soe F, 

: tress, S, of Cycles in 1000’s of lb. per sq. in. Locati 
Specimen in 1000’s of Ib. or of Eatieue 
No : A g£ 

per sq. in. Failure, N, Cracks* 
in 1000's n = 100 000 | n = 2000 000 
Specimens Tested in As-Welded Condition 
Al 0 to 25.0 246.1 28.1 1,2 
A2 0 to 25.0 257 .2 28.3 2 
A7 0 to 25.0 425.5 30.2 2 
Avy. 28.9 
(Owe 0 to 20.0 1228.4 18.7 2 
C8 0 to 20.0 811.0 17.8 2,3 
(Om!) 0 to 20.0 574.6 17.0 iy 
Av. 17.8 
E7 +20.0 to —20.0 59.7 LSP 2,3 
E8 +20.0 to —20.0 107.9 20.2 2,3 
EQ +20.0 to —20.0 108.2 20.2 253 
Ay. 19.7 
B2 +16.0 to —16.0 273.2 12.4 2 
B3 +16.0 to —16.0 261.4 12.3 2 
H3 +16.0 to —16.0 163.4 11.6 2,3 
Os +16.0 to —16.0 141.4 11.3 1,2 
El +16.0 to —16.0 152.5 ID) 2,0 
Av. 11.8 
Reinforcement Ground Off (See Fig. 58) 
A8 +20.0 to —20.0 124.3 | 20.6 2 
AQ +20.0 to —20.0 681.3 25h 4 
Bs +20.0 to —20.0 260.5 22.7 1 
Av. 23.0 
B9 +16.0 to —16.0 3303 . OF 16.0+ 
€2 +16.0 to —16.0 626.7 13.8 1 
Avy. 14°9-- 
*See Fig. 4. 


+Did not fail. 


0.83, respectively. The corresponding minimum values 
0.76 for the K series. Here, as for other series, the 
values were generally for specimens tested for a large number of 


cycles for failure. 


were 0.79 and 
relatively low 


Most of the specimens of the K series had a very abrupt change 
in section at the edge of the reinforcement, as shown by the broken 
lines of Fig. 60b. This was a bad stress raiser which extended the full 
width of the specimen. The edge of the reinforcement was ground off, 
as shown by the full line of Fig. 60b, for five of the specimens.* The 


*Tests of three carbon-are welds tested in the as-welded condition are reported in Table 5, 
Bulletin 310. The fatigue strength for these three (0 to tension, n = 2 000 000) were 24 100, 
23 300, and 21 000 lb. per sq. in., respectively. 
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TABLE 43 
Faricue Srrenctu or AUTOMATICALLY-WELDED Burr WELDS IN 
14-IN. CARBON-STEEL PLATES 
L Series 
Number Fatigue Strength, F, 
ni oats Stress, S, of Cycles in 1000’s of lb. per sq. in. Location 
Specupel: in 1000’s of lb. for of Fatigue 
No. per sq. in. ‘ Failure, NV, Cracks* 
in 1000’s n = 100 000 | n = 2000 000 
Di 0 to 25.0 581.4 31.4 ule 
1D) 0 to 25.0 1330.8 35.0 1,2 
D3 0 to 25.0 563.0 31.3 2,3 
Av. 32.6 
D7 0 to 20.0 2609. 9T 20.0T 
D8 0 to 20.0 1508.6 19.3 2 
D9 0 to 20.0 1305.3 18.9 2,3 
Av. 19.4f 
Gl +20.0 to —20.0 245.3 22.59 AD 2,3 
G2 +20.0 to —20.0 104.2 20.1 AG 2 
Bl +20.0 to —20.0 261.3 220 Ae 2,3 
G7 +18.0 to —18.0 1051.3 24.4 16.6 1, 2,3 
G3 +18.0 to —18.0 306.7 20.8 14.1 2,3 
G8 +18.0 to —18.0 632.9 22.9 15.5 2,0 
Avy. 22.2 
A3 +16.0 to —16.0 214.1 12.0 Qe 
B7 +16.0 to —16.0 359.9 12.8 Pa) 
GQ +16.0 to —16.0 663 .0 13.9 2 
P15 +16.0 to —16.0 530.0 13.5 2 
EK 2 +15.0 to —15.0 404.4 12.2 Qs 
(Jal +15.0 to —15.0 718.9 13.1 2,3 
Av. 1S a7 
*See Fig. 4. 
+Did not fail. 
TaBLE 44 
Fatigue STRENGTH oF AUTOMATICALLY-WELDED Burr WELDS IN 
74-IN. CARBON-STEEL PLaTEs; SuMMaRy OF RESULTS 
Fatigue Strength, lb. per sq. in. Fatigue Strength, lb. per sq. in. 
n = 100 000 n = 2 000 000 
Stress Cycle 
Bae K Series | L Serie Besie K Seri L Seri 
aces ries eenas Series eries 
Average Values 
Zero to 33 100 28 900 32 600 22 500 17 800 19 400 
tension 1.00 0.87 0.99 1.00 0.79 0.86 
Tension to_ 22 300 19 700 22 200 14 400 11 800 13 700 
equal compression 1.00 0.88 0.99 1.00 0.82 0.95 
Minimum Values 
Zero to 32 000 28 100 31 300 22 100 17 000 18 900 
tension 0.97 0.85 0.95 0.98 0.76 0.84 
Tension to 21 400 18 700 20 100 13 300 11 300 12 000 
equal compression 0.96 0.84 0.90 0.92 0.79 0.83 
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TABLE 45 


VickprRS Harpness NuMBERS FOR SPECIMENS WeELDED WITH 
AUTOMATIC PROCESSES 


Heat- 
Unaffected Base Metal Se: Weld Metal 
Zamen Series Metal 
Maxi- Mini- = : ini- 
reese ee Average hee Maximum pene Average 
Carbon-Arc; K Series 
AZT 1 140 127 135 163 149 (165) 128 138 
2 138 126 130 160 153 135 144 
BY 1 143 120 132 150 130 123 127 
2 130 124 128 134 133 128 129 
Unionmelt; L Series 
D1 1 136 127 132 177 151 (157) 149 150 
2 134 128 130 175 156 147 150 
D2 1 141 122 130 174 152 (157) 141 145 
2 144 133 138 167 157 (162) 148 154 


elimination of this stress raiser increased the fatigue strength some- 
what, as shown by a comparison of the values at the bottom of Table 
42 with the values near the middle portion of the same table. 

The specimens welded by the automatic processes were neither 
significantly stronger nor significantly weaker than those welded with 
a manually-operated metallic arc. The specimens welded with the 
automatic carbon arc were not quite as strong as those welded with the 
Unionmelt process, due, it is believed, to the more abrupt change in 
section at the edge of the reinforcement for the former than for the 
latter. 


24. Metallurgical Studies — 
Hardness Tests 


Two K specimens welded with the automatic carbon are and two 
L specimens welded with the automatic Unionmelt process were sur- 
veyed for hardness. The results are given in Table 45. Only two 
series of readings were taken on each specimen. Series 1 indents were 
en a line 0.08 in. from the surface of the plate on the side on which the 
‘ast bead was deposited, the zone of maximum grain size in the heat- 
-ffected base metal. Series 2 indents were made on a line that was 
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Fic. 62. Typica, Faricue Fracrures or THE K anp L Series 


0.05 in. from the rolled surface of the plate and transversely across 
the first bead deposited. 

The low hardness of the heat-affected base metal and the large 
fused area of the weld deposit characterized both the K and the L 
welds. Hardness values of both heat-affected base metal and weld 
metal were somewhat lower for the carbon-arc welds than for the 
Unionmelt welds. The hardness values across the weld metal varied 
less for the automatic welds than for the manually-welded specimens 
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except where a fracture through the weld had caused some work 
hardening in the neighborhood of the crack as indicated by the hard- 
ness values in the parentheses in Table 45. 


Microstructure and Fractures 


The columnar structure of the weld metal was more prominent in 
the automatic welds of the K and L series than in the manual welds. 
The grains of the prior austenite of the heat-affected base metal were 
also considerably larger for the automatic welds of the K and L series 
than for the manually-welded series. The microstructure of the heat- 
affected base metal of series K and L welds consists entirely of pearlite 
within the grains which are outlined with thin ferrite boundaries. This 
structure is consistent with good mechanical properties. 

The second bead of the K specimens caused partial recrystalliza- 
tion of the first bead, and the last bead caused complete recrystalliza- 
tion of the second (center) bead, as indicated in the macrograph of 
specimens A7 and B8, in Fig. 62. The fracture of A7, Fig. 62, is 
typical of the K specimens tested in the as-welded condition, and the 
fracture of specimen B8 of Fig. 62 is typical of the fractures of the 
specimens tested with the reinforcement ground as indicated. The 
fractures of specimens D1 and D2 of Fig. 62 are typical of the frac- 
tures of the L series. The second bead caused approximately 40 per 
cent of the root deposit to recrystallize. 

In general, the welds of the K and L series were without evidence 
of weld defects such as porosity, unfused areas, or slag inclusions. 
Practically all of the specimens tested in the as-welded condition 
failed at the edge of the reinforcement. 


VII. T-Burr WELDs IN %-1N. CARBON-STEEL PLATES 
WeLpED WitTH Various WELD ConTOURS 


25. Description of Specimens—The specimens described in pre- 
vious chapters were butt welds in carbon-steel plates, but the speci- 
mens of this series had a %%-in. transverse plate interposed between the 
main plates in such a manner as to form a T-butt weld. The speci- 
mens of the H series had a T-butt weld with normal reinforcement, 
while those of the I series had a reinforcement that was 4% in. thicker 
than normal on each side of the weld. The specimens of the J series 
‘were identical with those of the H series, but had an additional 4 in. 
fillet weld at the junction of the butt plate and the reinforcement. The 
plates for these specimens were from the same heat as the plates for 
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the specimens of groups 3 to 5, inclusive. The details of the specimens 
and the weld contours are shown in Fig. 63 and the welding procedure 
is given in Fig. 64. 

There were nine specimens in each series. Specimens 1 to 6 were 
tested in fatigue on a cycle in which the stress varied from zero to 
tension to produce failure at approximately 100 000 cycles. Speci- 
mens 7 to 9 were static test specimens. The T-butt plates of specimens 
1 to 3 were cut from %-1n. plates, and were so placed that the plane of 
rolling of the plate was perpendicular to the line of stress. These butt 
plates were polished and etched to detect laminations but none were 
found. To avoid the effect of laminations, T-butt plates for specimens 
4 to 9 were cut from two-inch plates, and were so placed that the 
line of stress was parallel to the plane of rolling. 


26. Results of Tests—The results of the tests of the three series 
are given in Table 46. A description of the weld contour and of the 
T-butt plate precedes each test group. The stress cycle, the number of 
cycles to failure, and the fatigue strength corresponding to failure at 
100 000 cycles are given in the table. Since the tests were essentially 
comparative, only one stress cycle was used, and the fatigue strength 
at 100 000 cycles was computed by the empirical equation, F = 
S (N/n)*, using a value of K = 0.13. This was the value previously 
obtained for the butt welds of the basic series. The static strength 
given is the average of the three specimens 7, 8, and 9 of each series. 

The results of the tests are summarized in Table 47. In the upper 
half of the table the average values for the groups are given while in 
the lower half the minimum values are given. The upper line shows 
the average or minimum fatigue strength of the group and the lower 
line shows the ratio of either the average or minimum fatigue strength 
of the group to the fatigue strength of the corresponding basic series. 

The tests of this group were fairly consistent, a fact that gives 
added significance to the rather limited number of tests. The values 
given in Table 47, the average fatigue strength and the minimum 
fatigue strength of the T-butt welds, are comparable to those of the 
commercial butt welds. There was no opening of laminations in the 
butt plate for any of the specimens and, in most instances, failure 
occurred either at the junction of the weld metal and the main base 
plate, or at the junction of the weld metal and the butt plate. For two 
_ specimens, 42 H2 and 42 J1, failure was partially in the weld metal. 

The ratios of average values for the six specimens of each series 
were 0.87, 0.83, and 0.83 for the H, I, and J series, respectively; and 
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TABLE 46 
Faricup Srrencru or T-Butr WeELps IN CARBON-STEEL PLATES 


—~ 2 


Number or Streragth it 1000s 


ied of Ib per sq. 7. 


Location or 


Spec. Cycles Cycles for . 
No. | /7 [000% of | Failure, N, . Fatigue Crack 
10. per 5g. 17?, | @ 10005 \°* n=/00 000 ) 
é' 04" Reinforcement, Plane of Rolling of Butt Plate Trarssverse to Stress Line | 
42H/\ 0 to t25.0 285.3 Ae Spye) 
42ZHZ2\| 0 10+25.0 305,/ Deo ele 
42H3| OtotZ5.0 S576 __ 3/3 Ae pos o 
Av. 29.6 
tod Reinforcement, Plane of Rolling of Butt Plate Parallel to Stress Line 
| 
42ZH4A| O70 425.0 317.4 29.0 ai : 
42H5| 0104250 | 185.8 | 660) 22/ eT, GSS ka 
42ZH6\ 0 tot25.0 236./ 278 a 
| Av. 28.0 


£108" Reinforcement, Plane of Rolling of Butt Plate Transverse fo Stress Line 


42I1/| 0104250 228.6 278 
9212| O40 +250 197.6 27.2 oo wee Pease he: 
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the smallest ratios of minimum-to-average values were 0.82, 0.78, and 
0.78, respectively, for the same series. It appears, therefore, that the ! 
additional reinforcement decreased rather than increased the fatigue 
strength of the T-butt welds. 

All static specimens, three for each series, broke in the main plate 
at a considerable distance from the weld, at a stress appreciably 
greater than the strength of the control specimens. This increased 
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TABLE 47 


Fatigue Srrenetu or T-Butr WeLps 1x 7%-1n. Carpon-STeeL PLATES 
WELDED WirH Various WELD Conrours; SUMMARY oF RESULTS 
Each value is the average of three tests 


NOnnAL peor Normal 
- ncrease Reinforcement plus 
Single U Reinforcement } in. per side Y% in. Fillet Welds 
Butt Weld 
Sirese 42 H Series 42 I Series 42 J Series 
Cycle 
Relation of plane of rolling of butt plate to line of stress 
Pave 
Series 
Ferpen- | Parallel | FetPen- | Parallel | BetPem | Parallel 
Average Values of Fatigue Strength, lb. per sq. in. m = 100 000 
Zero to 33 100 29 600 28 000 27 600 27 300 27 100 27 700 
tension 1.00 0.89 0.85 0.83 0.83 0.82 0.84 
1 
Minimum Values of Fatigue Strength, lb. per sq. in. n = 100 000 
Zero to 32 000 28 600 27 100 27 200 25 800 25 900 26 300 
tension 0.97 0.86 0.82 0.82 0.78 0.78 0.79 


strength is attributed to the short length (relative to the width) that 
was free to neck. The total length of uniform width at the center was 
only 6 in. Of this, more than 2 in. at the middle consisted of the butt 
plate and the adjacent welds, leaving a length of only about 2 inches 
from the edge of the weld to the point where the specimen began to 
increase in width, which was free to neck. A portion of the plate 
adjacent to the weld was probably strengthened by heat treatment. 
This latter influence was probably slightly less for the H than for the 
I and J specimens due to the smaller weld deposit. Because this excess 
strength of the welded specimens over the control specimens appears to 
be due to a local condition not likely to occur in a structural member, 
this excess strength is not considered to be significant; and, as a 
corollary, the excess static strength of the I and J specimens over the 
H specimens is likewise not considered to be significant. 


VIII. SumMaARY 


27. Summary.—Because of the erratic character of the fatigue 
strength of butt welds in specimens of the size used in this investiga- 
tion, the limited number of specimens tested does not Justify any 
final conclusions relative to the fatigue strength of butt welds made 
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under various conditions. Instead, this summary is limited to the fol- 
lowing statements relative to the results of the tests: 

(1) The basic series, consisting of butt welds in 7-in. carbon-steel 
plates shop-welded in the flat position with a manually-operated 
metallic are and welded under favorable conditions of operator skill 
and expertness of supervision, gave the average fatigue strengths 
tabulated below when tested in the as-welded condition. 


Fatigue Strength 
in lb. per sq. in.* 
Stress Cycle 


n = 100 000 |n = 2 000 000 


LEVORtO “bENSIONG deinen ee eC 33 100 22 500 


Tension to equal compression............++..-.- 22 300 14 400 


*Wach value is the average of 3 or more tests. 


Tests of specimens that were similar except that they had been 
stress relieved by heat treatment* showed that the stress relieving had 
no appreciable effect upon the fatigue strength of the weld. 

(2) Tests of six series of commercial butt welds shop-welded in 
the flat position with a manually-operated metallic arc, welds such as 
may be expected from a first-class fabricator working under industrial 
conditions, showed that an occasional weld was appreciably weaker 
in fatigue than the specimens of the basic series. For series XX, the 
series for which the fatigue strength was most uniformly high, the 
smallest ratio of minimum-to-average values was 0.85. This was for 
specimens tested for failure at 2 000 000 repetitions of a cycle in 
which the stress varied from tension to an equal compression. The 
smallest ratio of minimum-to-average values for each of the six series 
of commercial butt welds were: 


Series x ays Z XX 12 R 


Smallest ratio of minimum-to-average 
BV ALULCS teeter sate cice earns ohare ana ae 0.83 | 0.83 | 0.73 | 0.85 | 0.77 | 0.74 


*See footnote, page 21. 


(3) Tests of commercial butt welds in %-in. carbon-steel plates 
welded in various positions and with various electrodes are summarized 


Bal pat eet: Tests of Welded Joints in Structural Steel Plates,” Univ. of Ill. Eng. Exp. Sta. 
ul. Fiona): 
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in Table 30, pages 102 and 103. There were some variations in the 
values of the fatigue strength for the series welded in various positions 
and with various electrodes, but these variations were probably due to 
variations in operator skill rather than to differences in electrodes or 
to the position of welding. 

(4) Of the two series of field welds, the specimens of the M series 
were fully as strong in fatigue as similar commercial butt welds 
welded in the shop. The N series of field welds, many of which were 
not made in accordance with the specifications, were seriously deficient 
in fatigue strength due to a lack of fusion in the base plate at the 
root of the weld. 

(5) The specimens welded by the automatic processes were neither 
significantly stronger nor significantly weaker than those welded with 
a manually-operated metallic are. 

(6) The abrupt change in section at the edge of the reinforcement 
of a butt weld is a serious stress raiser extending across the full width 
of the specimen, and the fatigue strength of good butt welds in %-in. 
plates was increased by a significant amount by grinding or machining 
the reinforcement flush with the base plate on both sides. The fatigue 
strength of poor welds is not necessarily increased, and may be 
decreased, by grinding off the reinforcement. 

(7) The most common flaws that caused low fatigue strength in 
the butt welds, listed in order of importance were: (a) lack of fusion 
of the base plate, especially at the root of the weld; (b) slag inclu- 
sions; (c) blowholes. 

(8) The fatigue strength of commercial T-butt welds when tested 
on a cycle in which the stress varied from zero to tension was not sig- 
nificantly different from the fatigue strength of commercial butt welds 
in similar plates. 

(9) Additional reinforcement above a normal amount decreased 
rather than increased the fatigue strength of the T-butt welds. 

(10) There was no opening of the laminations in the butt plates 
during these static and fatigue tests of T-butt welds with the plane 
of rolling of the butt plates perpendicular to the direction of stress. 
T-butt welds of Type H may be considered as dependable in fatigue 
as ordinary commercial butt welds, subject to proper assurance 
against laminations in the interposed butt plate. 
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